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AQUEOUS CHLORINE DIOXIDE 



BACKGROUND OF THE INVENTION 

A nf the Iff 



t . EisidoL&aJffiisntien oroou ction of chlorine 

Provides passes ^^^^ apparam8ter 
. , i . .v.- nreeent invention is <liiectefl to proccsnwi «*— vr 

^Kum. in to tcMKB of «« <»«< 

— — " " ''— " * STJli, of **** «*» * e^a . C.O.. 
waB r and waae w«er. W ">»'«» to ; o{ chlorine and 

Chlorte d.ox.de (CltW AM was «-» ^mbtoflc acia 
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, .™ri.llvT;Oftomptenoltoa>nipou»*- Industrie ^«ater streams 

«c By 1958. over 150 tnonieipal «w ptants adopted CK*,. to 1978^ a -m* 
fc Europe, over 500 w«er — H- — to be using ClOj for 

" 1T^, *e U.S. EPA —> *«, » a par. of the ----- * 



(l) 

(2) 

without affecting the vapor space above 



20 



25 



without attecung uib -t 

sotobiliry. <™» pungent «*»• Kidte ***** 

For at least these reasons, rhe replacernetiiof cMorine with other c ^ Bm *^* chlorine 
w of a fireat deal of interest in tHe recent years. 

^T^rlLl fUnrttU. algieUial, bleaching, and deodorixtag propers are *e« 
^^hlrore chtorir* dioxide is so>ub.e in room 
^^™aoZT;LT^P«U«r crater at 30 tnrnHg paniai pres^ 
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,. ™„ m orange red as the concentration of CIO, increases m water. At low 

Zer vapor pressure. e.g., 11 g/L a. <P -« - P— " - 10 & "T 1 
5 Ir^I^omo lta ^^»n J ^o, MWOT n lre . n can be seen that a 

lower temperature is preferred for higher aqueous solubility. 

59 . c GlsMUS CIOj has a density of 2.4 (when taking air . 1.0) and its moleouar watch, 
,„ it will tend to stay low. near to B „^. to ^uall, dif^ inu, u« 

^ Mao. no.*, chlorine. CIO, does not produce chlonnat- hydroca*™ «K 
^ whh hydrocarbons- In genera,. CIO, is ^ carrostve . moK mehuuc »ud 
nI ^,ic subsume* tbimchlo^ 

«-■-■ Concert™ of CIO, inatr above 11* can* 

.compr^cotnmner. 1. *is regard. the arattgy of «, produce can be twc-fold. 
20 vfc , either on-site production or blab purity compressed CIO,. 

^i»*-^ta»^^**»-- ,, -■* , * ,,4 *'* 

syndesis of CIO, that have been commercially applirf to water treatment ope™™. AM 

tasic process chemiary of the three processes are discussed below. 

a Process 1: Process with Sodium Chlorite and Strong Add 

ton*«oc«..«»o«^i•"^^^'^•^• The strong a«d 
is hydrochloric acid or sulfuric acid. Using hydrochloric acid. the rercuon 

sttrichionietry is - . 

5 NaC10 2 + 4HC1 - 4C10 2 + 5 NaCl + 2 HP 0") 
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M shown, .or « mole Of OO, iU- 67-45 *- - «» . » produced. *e «-» 

T"^ cM ridTo" ^Hi grans of HQ), ussnmins there is 100% convetston efficiency. 
hydrogencWonde (.*., ^„ mI)les „ solium 

^ten^eiy, ^dte-i-i-^*— • — '««• — — 

following reaction: 

» NaOO, + 5 H3SO4 -* 8 CIO2 + 5 NaiSO« + 2 HC1 + 4 H,0 <» 

, Avery similar sim-ticn ,0 *e above HClcase is expect. .... retirement of «. - 
• f ^ mS ulfatesalt /*ain. strong acids are disadvantageous due .0 their 

rrrL^- because such M must he removed by e«~~. 

Process 2: Process with Sodlom Chlorite and Galons Chlorine 
in ,*o asset f ^ b,^ vrittt tt* foon^on of r, ^ hydrous acd.,.e.. 



Cl 1 + H a O-HOCI + HCl 



(R3) 



^ hnermedia* product, nypochlorm* acid 01OC1), in mm reacts with sodium chlorite to 
foitn chlorine dioxide (CIO,), U., 

HOC1 + HC1 + 2 NaQOj -» 2 ClOj + 2 NaCl + H,0 0") 
The stoichiometric ruction, which is a summation of the two. becomes 
CI, + 2 NaCIO, - 2 CIO* + 2 NaCl 



4 
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This process, however, involves chlorine and its attendant disadvantages. Furthermore, the 
process also involves an unstable intermediate, BDCU thereby substantially limiting the 
process efficiency. The formation of chlorous acid (HOCl)canbe very hazardous at elevated 
temperatures due to its volatility and propensity to release toxic chlorine gas. A faurly 
sizable amount of salt production also occurs. 

Process 3: Process with Sodium Chlorite and Sodium Hypochlorite 
in this process, sodium hypochlorite (NaOCl) is used as a raw material along with 
sodium chlorite: 

NaOCl + HC1 - NaCl +HOCI 

HCl + HOC1 + 2 NaC10 2 - 2ClO t + 2 NaCl + H 2 0 

This process has several simUarities with the earlier two processes, i.e., involvement of 
hypochlorous acid (HOCl), use of strong hydrochloric acid as a raw material, byproduct salt 
formation, etc. Due to the presence of sodium hypochlorite, the process intuitively seems 
to provide more bleaching possibility. 

For much larger users of ClO t , such as for bleaching paper pulps, chlorine dioxide 
demands are much higher than in water treatment plants. In such applications, the sodium 
chlorite production step can become a part of the entire CIO, generation process. This 
process has major drawbacks of using (1) sodium hypochlorite (NaOCl) that is expensive. 

and (2) hydrochloric acid (HCl) that is strongly corrosive. 

U.S. Patent Nos. 4,925,645 and 5.122.282 describe a process for the production of 

chlorine dioxide, and a method of treating water and/or wastewater using chlorine dioxide. 

respectively. According to these patents, the process of making chlorine dioxide includes 

the steps of combining lactic acid or citric acid with sodium chlorite or alkaline earth metal 

to yield a salt of an acid and chlorous acid. They state further that the products produced 
5 from the methods described therein include, truer alia, chlorine dioxide, as well as free 

chlorine, chlorous acid and chloric acid. The reaction mechanisms described therein are as 

follows: 



5 
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CH,CH(0H)C00H + > 

Q^Z cMorite) 

acid) 



PCT/OS97/02157 



lactic acid) 



(R8) 



*. HC10 2 + Non Fully Oxidized Organic*, > 

inorganics or Pathogens 



10 



2b. 2HC10 Z > 

(chlorous 
acid) 



HQO + Oxidized Organic?, 

Inorganics or Pathogens 

HCIO + HC10 3 
(Hypocblorous (cWonc 
acid) ■«*> 



HCIO + 2HOO, > u 2Cl °> + Hl ° + HC1 

(This reaction occurs in absence 
chloric ion) 

riO + Non Fully Oxidized Organics, — > 
2 Inorganics or Pathogens 

HClOi + Oxidized Organics. 
Inorganics or Pathogens 



H ao + a- + H*^ci 1 + H,o 



Cl 2 + Organics, Inorganics > 

or Pathogens 



Oxidized Organics, Inorganics 
or Pathogens 



(R9a) 
(R9b) 
(RIO) 

(RID 
(R12) 

(R13) 
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The chlorine dioxide along with co-produced chlorine gas and chlorous aod are 
described by these patents a* having the biocidal effect. As described above, the co- 
production of these chemicals is hazardous and disadvantageous. In addition, these patents 
claim to produce a chlorine dioxide solution that is stable for over 30 days. The present 
5 inventor has found that aqueous solutions of chlorine dioxide cannot remain stable under 
normal conditions for 30 days using the guidelines provided in those patents. Due to the 
inherent instability of aqueous chlorine dioxide solutions, the present processes and apparatus 
are intended to be used to manufacture chlorine dioxide on-site. 

U S Patent No 4,084,747 describes a chlorine dioxide germ killing composition 
10 which is produced by contacting an acid matenal with sodium chlorite in an aqueous medium 
with a P H of less than 7. The '747 patent states that the lactic acid can be used in 
conjunction with other organic and inorganic acids. Disadvantages are described, however, 
when combinations of lactic acid and additional acids are used, compared to lactic acid alone . 
In addition, the '747 patent discloses a process by which undesirable by-products such as 
15 sodium lactate and chlorous acid are produced and hence, must be removed. The chlorme 
dioxide is used in a concentration of from 100 to 500 ppm up to 2700 to 3300 ppm. 

U S Patent No. 4,585,482 describes a process for producing a biocidal composition 
which liberates chlorine dioxide. The composition releases the chlorine dioxide wh,* the pH 
is lowered to less than about 7 by an organic acid generating polymer. Thus, these 
20 documemsdescribeaproc^^ 

of free chlorine or corrosive strong acids such as HC1 and H.SQ. or (ii) the co-production 
of hazardous by-products such as free chlorine, chlorous acid, and the like. 

Conventional chlorine dioxide solutions prepared using methods disclosed in the 
aforementioned prior art suffer from the drawbacks that they produce undesirable by- 
25 products, in addition, the reactions involved using the methods described, i.e., merely 
mixing the reactants in a reactor usually at ambient temperatures and pressures, or slight 
modifications thereof, proceed at commerciaUy unacceptable slow rates and produce 
relatively low concentrations of chlorine dioxide, i.e. , on the order of less than about 5,000 
mg/1 of chlorine dioxide. 
30 Thus, there exists a need to provide an economic and efficient method for producing 

chlorine dioxide that does not also produce hazardous by-products (e.g.. chlorme or chlorous 
acid), as well as substantial amounts of unusable salts (e.g.. sodium chloride, sodium 
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^ TMre *o ^ > *ed ** > — « ^ ^TaTl 

from *e aforementioned *— ■» Sl ° W °' 

concert ^rta diorfde. U-». •« «*» — f " » 

capable of accoropHsnks *** ■**■>*■ 

SUMMAR* OF THE INVENTION 
An object of the present inverdionUtareforetoprov.de .process for the production 
of cUorine dioxide d»t does no. suffer from the drawbacks of the known ar. described 
above Anofter object of the present invention is to provide a process of «->••■ 
- ^■ - ^^-.*^^^ , ' , * d •" , "" ,,, *" ,, " 
a desired disinfectant property. 

An additional object of the present invention is to provide a process and apparatus for 

the production of chlorine dioxide which nave: 

• simplified reproducible chemistry ; 

• the use of weaker acids and less acid than the processes of the related art; 
L5 „ no chlorine or chlorous acid produced as byproducts; 

• mild reaction conditions; 

• a high selectivity of chlorine dioxide and rmnimum selectivity of undesired by- 
products; 

• an increased reaction rate to decrease total reaction time; 
20 • a low capital investment requirement; and 

• a high yield of chlorine dioxide. 

,n acc^plishing the foregoing objects, mere is provided according to one aspect of 
the invention, a process for producing chlorine dioxide. The process comprises the first 
steps of providing an aqueous acid solution. The solution compnses 
25 a hydroxy carboxylic acid and a companion acid. 1* hydroxy carboxyhc acid ts capable 
of L P oLlyt«ns^ 

does not form a salt with an alkali metal saH of a chlorite ion. Tne compamon acid 
substantially does not react directly with an alkali metal salt of a chlorite ion. 

Tbe aqueous solution then is combined, in a vessel, with an alkali metal salt of a 
30 chlonteion.toyieldanaqueousr^ 

reaction solution, and the chlorite ions then react with the hydroxy carboxylic acid present 
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therein to yield an aqueous product solution that comprises chlorine di xide but is 
substantially free f chlorous acid. 

An additional object of the invention is to provide a method of disinfecting water 
whereby a chlorine dioxide solution prepared in accordance with the method outlined above 
is admixed with the water in an amount and for a period of time sufficient to remove 
contaminants from the water- 

A further object of the invention is to provide an apparatus for making chlorine 
dioxide and an apparatus for disinfecting water or wastewater whereby the apparatus for 
making chlorine dioxide includes mechanisms for feeding solutions coiUaining a hydroxy 
carboxylic acid, a companion acid and an alkali metal of a chlorite ion to a reaction vessel, 
a reaction vessel and a mechanism for withdrawing product solution from the reaction vessel. 
The apparatus also can include a stripping unit whereby product solution is contacted with 
an inert gas to produce a product gas, and an absorbing unit whereby the product gas is 
contacted with an aqueous medium to produce an aqueous solution of chlorine dioxide. 

The apparatus for disinfecting water or wastewater includes the aforementioned 
apparatus for producing chlorine dioxide and a mechanism for mixing the water (or 
wastewater) with the aqueous solution of chlorine dioxide and a mechanism for feeding the 
mixture of water and sodium chloride to a contact vessel whereby the mixture is retained for 
a period of time to effectively reduce the level of cotJteimnanis in the water, or to render 
contaminants in the water harmless. 

Further objects, features and advantages of the present invention will become apparent 
from the detailed description of the preferred embodiment which follows. 

BRIEF DESCRIPTION OF THE DRAWINGS 
Figure 1 is a plot of the solubility of ClOj in water as a function of temperature. 
Figure 2 is a plot of ClO*. CKV, and CIO, (mg/L) versus time according to one 

embodiment of the present invention. 

Figure 3 is a plot of CICyCIO,- versus time according to one embodiment of the 

present invention. 

Figure 4 is a plot of C1CVC10,' versus time according to one embodiment of the 
present invention. 



9 
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Figure 8 is an integral plot of In (O-CWW) veisUS 01X16 
Figure 9 is a differential plot of CIO, versa* tin* for Rental data, pnafccted 
1st order and predicted 0.9 order. 
, Figure 10 is a differential plot of chlorine dioxide versus fame. 

Figure 1 1 i« a differential plot of CIO, versus time for experimental data , predated 

first order and predicted 0.9 order. 

Figure l^plot of chlorine dioxide coneemraUon ver^ tin« for experu^l data. 

1st order predicted data and 0.9 order predicted data. 

5 Figure^isa^^ 

inVeDti0 ^ 

20 ^Tigun: 16 is a plot of P H versus time accord to one embodiment of the present 
^Figure Hisaplot of chlorine dioxide eventration ver»s time at 20, 30 and 40«C 
according to one embodiment of the present invention. 
25 Figure 18 is a schematic view of benchtop components used for chlonne dLoxtde 

according to one embodiment of the present invention. 

Figure 19 is a plot of C1Q 2 concentration versus tune for anall volume product traps 
and the reactor according to one ernb«lirnent of the, present invention. 

Figure 20 is a plot of CIO, concentration versus time for large volume product traps 
30 and the reactor according to one embodiment of the present invention. 

Figure 21 is a plot of CIO, concentration and P H versus time according to one 
embodiment of the present invention. 
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Figure 22 is a flow/schematic diagram f the process and apparatus for producing 
chlorine dioxide according to one embodiment of the present invention. 

Figure 23 is a flow/schematic diagram of the pro*** and apparatus for producing 
chlorine dioxide according to one embodiment of the present invention. 

Figure 24 is a flow/schematic diagram of an alternative embodiment of area A of 
Figure 23. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
Throughout this description, including the appended claims, the following terms are 
defined as follows: 

The yield of C10 2 can be defined in a number of ways: 
(1) Reactants Basis: 

Amount of Cia,*iQO* 

%rield l - — / 45 \ 

[Amount of NaClo z ^^{"goTSs ] 



product Basis: 

C2 0^*100% 



% yield 3 = 



where the superscript 1 denotes reactant basis, the superscript 2 denotes product basis 
and the symbol * denotes a multipucation. 

The product selectivity can also be represented in a number of different ways: 
(1) Desired product concentrations basis: 



* ***** = TTo^ Dcvrtd, Uu<*K» Dated CK>i + ( C IO,->)(g 
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(2) Desired versus not (or less) desired: 

. Desired . 52l - ^ 

SefecrrWry = j^^s Desired " 



(3) 



Selectiviry for both main and byproducts: 



Mart D&riraM 00* 



(4) Salt Selectivity: 

% Salr Ate** = ^ - C /0 2 



(5) Product Selectivity; 

[CW, = AfaC/QJ+100% 
ft Selectivity NaC l0 2 Fed 



(6) Pure Product Selectivity: 

cftyio o% 

Selectivity =■ 7eiA3\ 



Throughout this description, the expressions, "substantially free of chlorous acid" and 
"substantially free of free chlorine" denotes a solution that contains less than about 1 wt% 
chlorous acid or free chlorine, preferably, less than about .5 wt% and most preferably, less 
than about 0.05 wt%, based on the total weight of the solution. Most advantageously, the 
expressions -substantially free of chlorous acid" and "substantially free of free chlonne* 
denote a solution that contains no chlorous acid or chlorine. Throughout this description. 
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* e Ltionof the cornpauion acid is to provide the acidity to the aqueous re*t,oo sofcti^ 
5 ^ not to react with the alkali metal salt of a chlorite ion. In additton. thts «p ^on 
denotes a reaction whereby the alkaU metal does not substantially form a salt withthe 
companion acid, and the companion acid doe S not subtly react with the chlorite ions. 

As described above, an aspect of the invention involves the reaction between a 
hydroxy carboxylic acid, a companion acid and an aT,ali n^tal saU of a chlorite ion. In one 

vessel is mamtained at a value below 3 , or <ii> at least a portion of the chlorine dondc » 
the product solution is removed from the reaction vessel. Preferably, both steps (i) and (n) 
are carried out. Throughout this description, the expression, -at least a portion, when 
herring to the removal of chlorine dioxide from the product solution, denotes at least about 
15 10%, preferably, more than about 30% and even more preferably, more than about 50% of 
^tocalchlo^dioxidemtheproductsolution. Most preferably, all of the cWortne dtoxule 
in the product solution is removed. This expression is not intended to denote withdrawn* 
a sample from the reaction vessel. In addition, throughout this description, the expression 
'atleastaportion.- when referring to the removal of acid from the aqueous acid solution or 
absorbing me acid from the acid gas into the reaction solution, denotes at least about 20%. 
preferably, more than about 30% and even more preferably, more than about 50% of the 
total acid in the aqueous acid solution. Most preferably, this expression, when referrmg to 
the removal of acid from the aqueous acid solution or absorbing the acid from the acid gas 
into the reaction solution, denotes all of the acid in the aqueous acid rotation. 

In a preferred embodiment of the invention the hydroxy carboxylic acid includes lactic 
acid and the companion acid is an additional organic acid such as acetic acid. In accordance 
with the invention, a sufficient amount of the companion acid is provided to maintain the P H 
of the aqueous reaction solution at < 5, preferably £ 4. The present inventor found that 
merely mixing and reacting the respective components, i.e., hydroxy carboxylic acid, 
companion acid and alkali metal of a sodium chlorite ion, resulted in a significant increase 
in the P H of the reaction solution during the course of the reaction, even if the P H of the 
original reaction solution was substantially lower than 4 (see. PIG. 16). The inventor 



20 



PAGE 23192 ' RCVD AT 11118/2003 5:07:49 PM [Eastern Standard Time] * SVR:USPTO-EFXRF-1/0 ' DNIS:8729469 ' CSID: ' DURATION (mm-ss):22-04 

Copied from 09996135 on 30-03-2004 



NOV- 18-2003 TUE 05:12 Ptl ._ FAX NO. 

f PC1YUS97/02157 

WO 97/30931 ) 

^pec^Wfou.dtol.lftopHof^^ns M. *K no. MM M» 5 ft. 

^ would proccd mote dowly .ad podoc . chl rin. dioxM. sotato. c«ata«g 

,„ w «r concentrations of cMori* «°*U> <«.*, on *. onto of 2.000 » 5000 n,gfl over a 
period of one to three days). 
5 1„ another preferred embodiment, the pH can be maintained by providing a source 

of an inert carrier gas/flowing the carrier gas through the aqueous acid solution winch 
includes at least one of a companion acid and hydroxy carboxyHc acid. At least a portion 
of the acid is entrained into the inert carrier gas to provide an acid gas. The acid gas then 
b introduced into the aqueous reaction solution whereby the at least a portion of the acid in 
l0 the acid gas is absorbed into the aqueous reaction solution. 

In yet another preferred embodiment, the acid concentration is increased by reducing 
the amount of water used in the process, I* this embodiment, advantageously more than 
half and preferably about two-thirds, of the water typically employed to make up the 
aqueous acid solution is removed, and then this aqueous acid solution (hereinafter referred 
15 to as -concentrated acid solution") is mixed with an aqueous solution of the alkali metal salt 
of a chlorite ion to generate the aqueous reaction solution. 

According to another preferred embodiment, the reaction temperature is maintained 
at a temperature within the range of from about 20»C to about 60«C and more preferably 
W ithin me range of from about 30*C to about 45 -C and most preferably at about 40-C. The 
20 inventors found that by carrying out the aforementioned reactions at a temperature of about 
40-C, significantly higher yields of chlorine dioxide could be achieved in shorter periods of 

^ In accordance withthe present mveiuion. ii^ of , or m 

P H of the reaction vessel at a value of less than 5, at least a portion of the aqueous product 
25 solution is removed from the reaction vessel either periodically or continuously during the 
reaction In this embodiment, at least a portion of the chlorine dioxide present in the product 
solution then can be removed using methods well known to skilled artisans, for example, (i) 
stripping followed by absorption, (ii) a multi-stage (preferably two stage) countercurrent gas- 
liquid absorption mechanism or (Hi) stripping followed by condensation and then subsequent 
30 absorption. In a preferred embodiment, the process farther includes separating the chlorine 
dioxide from the aqueous reaction solution by flowing an inert carrier gas, («.*.. mtxogen 
or argon), through the aqueous reaction solution, wherein at least a portion of the chlorine 
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dioxide is stripped out of*es lution and is entrained in the gas due to the ^oce 
beaten the vapor pressure of the cluorine dioxide and the other reamnts and reaction 
products in the aqueous reaolon solution, to provide a product ga, This product gas then 
can be either directly contacted with water in an absorber, or can first be condensed and the 
5 vanor from the condenser then subject to absorption. Those skilled in the art recognrze 
that the .tripping/absorption, or snippin^condensation/absorption can emanate either from 
the reaction solution within the reaction vessel itself, or from a product solution that has been 
withdraw from the reaction vessel. In addition, the skilled artisan is capable of designmg 
suitable stripping, absorption and condensation units to provide the necessary separations m 
10 accordance with the objectives and guidelines provided herein. 

Alternatively, the acid gas that has passed through the acid solution can subsequently 
be passed through the reaction product solution to provide a product gas. which then can be 
further treated as described above. For example, the chlorine dioxide present in the product 
gas can absorbed in an aqueous media, preferably water, to provide an aqueous chlorme 
15 dioxide solution. In an alternative embodiment, at least a portion of the aqueous reaction 
product solution can first be removed from the reactor and then contacted with the inert 
carrier gas to provide a product gas and a stripped product solution. 

Other preferred embodiments, the process includes a variety of combinations of the 
aforementioned embodiments. For example, the process may include: providing a hydroxy 
carboxylic acid that serves to temporarily transfer chlorine from and not substantially form 
a salt with an alkali metal of a chlorite ion that is added subsequently; providing a companion 
acid that will not directly react with an alkali metal salt of a chlorite ion which together with 
the hydroxy carboxylic acid provides an acid reaction solution; providing an alkali metal salt 
of a chlorite ion to create an aqueous reaction solution, wherein the hydroxy carboxylic acid 
and the companion acid acidify the aqueous reaction solution and reacting the components 
in a reaction vessel; maintaining the reaction vessel at a temperature within the range of from 
about 20°C to about 60°C, preferably at a temperature within the range of from about 30'C 
to about 45°C; providing a source of an inert carrier gas; flowing the inert carrier gas 
through the aqueous acid reaction solution, whereby at least a portion of either the hydroxy 
carboxylic acid or the companion acid, or preferably at least a portion of both, vaporizes into 
the inert carrier gas stream to provide an acid gas; flowing the acid gas through and into 
intimate contact with the aqueous reaction solution in an amount sufficient to maintain the 
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reaction sobmon a. a pH of -ban about 5. premr.b>, •- *- — *--«* 

Ipristag », M« chlorine dioxide, opuonali, removing a. leas, . porta, o cU«n= 
dioxide from the product solution, wherein u» product solution is subtly tm of 
chlorousacWar* ferine. ^pn^proc^of^^oo^U^ 
conwaing the product solution with '« k>« !». P"**** ~- * 

ofthe chlorine dioxide vaporizes into to mar, m « — ■ product gas; and 
l^tog «. product gas with an aeneous medium, prefertbly .Mr. » 

Inve ,.o«r«adv»nt.geousernbodirr^^ 
p ^^o»of<Wori«dioxid Bi sprovid«i. Tteproc^g^.yis.Wl.rtotopro^ 
described above only me re***. . c^uinuously M to me region vessel .* product 
,*d. is «M - " md - T1 " C ° mimK " IS "fT * 

^l^****^*^**^***"** Or^ formed, the 
^ .ohmon is comto.ou.iy Mdm. and transferred to . chlorine dioxide 
unit An tar, gas is provided » me .tripping unit and coma* me product somnon, e.g.. 
macc^Kurrem manner. At least a portion of the chlorine dioxide in the product solution 
B an.f.ts.ot teto =rtgas«>ptovid..ptod««g»-. The product gas then cm be passed, e.g 
into a condenser to condense any hydroxy catboxylic or cornr^ acid F«es«nt m the 
samrated torn gas. thereby producing anacid aolution and.cMorine dioxide^omaimng gas. 
H. chlorine dioxme^atomg gas can men be passed «. a cMorir* di<^ scmbber where 
U is contacted with an aqueous solution such as water to form an aqueous chlorine dtoxKie 
ro huionand a scrubbed inert gas stream. In a parUcutorly preferred embodimeut, the 
condensed hydroxy catboxylic acid or companion acid can be recycled .iiH-i 



unit. 



In still another preferred embodiment of the present invention, the product solunon 
mating from the reactor is fed to a multi-stage, preferably a two-stage, counter-current 
cascade whereby the product solution first is contacted with an inert gas in the initial stage, 
and then is contacted with an aqueous medium, preferably *ater in subsequent stages to 
provide an aqueous solution of chlorine dioxide. 
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Other procedures for removing the chlorine dioxide from the product solution, to form 
an aqueous chlorine dioxide s Union, may be readily apparent to skilled artisans. 

The present invention also encompasses methods of disinfecting musing a chlorine 
dioxide solution prepared in accordance with the methods described above. Water m tins 
. context denotes any water, including municipal drinking or potable wawr, industrial waste 
water hazardous waste water, fresh water and the like. Hie aqueous chlonne dioxide 
solution is admixed wilh the water in an amount and for a period of time sufficient to reduce 
.he level of contaminants from the water, or to render the contaminants harmless. Those 
stalled in the art are capable of adding me effective amount and determining the appropriate 
10 retention time given the concentration of chlorine dioxide in the aqueous product solution, 
and given the contaminant that is to be removed. For example, if fecal coliform ts to be 
removed or reduced to an acceptable level, one can refer to generally available charts to 
determine the concentration of chlorine dioxide required to effect the requisite removal or 
reduction. By using the aqueous chlorine dioxide solution of the present invention, much 
15 higher concentrations of chlorine dioxide solutions can be prepared in much shorter periods 
of time, thereby enabling a more efficient water disinfectant or water treatment regimen. 
Due to the inherent instability of aqueous chlorine dioxide solutions, it is preferred to admix 
the aqueous chlorine dioxide solution with the water to be treated within 120 hours after the 
chlorine dioxide solution has been made, and preferably within 72 hours. 
20 The present inventor extensively studied the reactions that take place between a 

hydroxy carboxylic acid, a properly selected companion acid, and an alkali metal of a 
chlorite ion. He discovered, quite unexpectedly, that the reaction proceeds in accordance 
with a reaction sequence dramatically different from the reaction mechanisms described in 
the prior art. Indeed, the inventor found that the hydroxy carboxylic acid serves to 
25 temporarily transfer chlorine from the alkali metal salt of a chlorite ion. instead of forming 
a salt therewith. The inventor further found that a properly selected companion acid could 
be used to maintain the P H of the reaction solution, and that it could be chosen to not 
interfere with the reaction between the hydroxy carboxylic acid and the alkali metal salt of 
a chlorite ion. The inventor further was able to devise the reaction sequence and study the 
30 mechanisms of the reactions and unexpectedly found that the empirically derived reaction rate 
did not accurately reflect the reaction kinetics. The inventor further discovered that the 
reaction rate was directly influenced by the pH of the reaction solution as well as the 
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concentration of unreacted chlorite. The inventor also (bund that unexpectedly high yields 
of chlorine dioxide could be attained by maintaining the P H of the reaction s lution less than 
about 5 and/or by withdrawing at least a portion of the product solution from the reactor 
during the reaction. Preferably, withdrawing product solution is effected continuously and 
reactams are fed to the reaction vessel continuously. 

The reaction mechanism and kinetics involved in the production of ClO^n accordance 
with the present invention are as follows. The equations set forth below illustrate acetic acid 
as the companion acid and lactic acid as the hydroxy carboxylic acid. However, as discussed 
below, other companion acids and hydroxy carboxylic acids can be used. 



(RH) 
(R15) 



CH3COOH *— CH 3 COO- + H + 
NaClO^Na* + CUV 

ao, ^^-Hc^cwoiDCooH-c^aKa^ooH+oH+o, me) 

CH,CH(Cl)COOH + C10 2 + H* -» 0,0, 4- CH 3 CH 2 COOH <*"> 
2CW2C10 l + 2Cr <™> 
2NaCl0 2 + 0 1 -2Naa0 1 ^ 
H* + OH" - HjO 

Upon discovering the aforementioned reaction sequences, and upon recognizing the 
role and function of the hydroxy carboxylic acid and the companion acid, embodmients of 
the present invention were realized. Various preferred embodiments of the invention that 
involve varying certain reaction conditions (i.e., amount of water and acid used, tinung of 
addition of acid, temperature of reaction and separation of reaction products, etc.) result m 
a high yield chlorine dioxide generation process and system, without the production of by- 
products such as free chlorine or chlorous acid. Preferred embodiments of the invents as 
will be described in greater detail below, include one or more of the followmg: 0) 
maintaining the P H of the reaction solution below about 4 by adding additional companion 
acid either initially or incrementally during the reaction; (ii) n*ii*uning tbe reaction 
temperature above about 40'C; (Hi) separating chlorine dioxide from the product solution by 
stripping and absorption either the sotauon in the reactor or product solution withdrawn from 
the reactor, or by a multi-stage countercurrent contacting method; (iv) using an ac,d pre-wash 
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whereby the hydroxy carboxylic acM and the companion acid are absorbed in an inert gas; 
and (v) decreasing the amount of water in the reaction solution. 

While the process of the present invention results in the formation of a minor amount 
of a sodium chlorate salt, formation of this salt actually is not entirely disadvantageous 
5 becau*. it has weak disinfecting/oxidizing properties, andbecause it can be readily converted 
to sodium chlorite by conventional means. Those skilled in the art are capable of convert^ 
sodium chlorate to sodium chlorite. It is clear to see from the aforementioned reactions that 
mepnKessdoesr^tmvolve^ ° nealSO 
can see how the companion acid is used to maintain the pH of the solution so that the 
10 hydroxy carboxylic acid can function by temporarily transferring chlorine from the alkati 
metal of achlorite ion. These findings are described in more detail below. Upon discovery 
of the reaction mechanism involved in reacting a hydroxy carboxylic acid, a properly selected 
companion acid and an alkali metal salt of a chlorite ion, the inventor found that the rate of 
reaction was adversely affected by a dramatic increase in P H during the reaction and/or by 
15 abuMxmofproductintheproductsolution. By maintaining the P H of the reaction solution 
at a value of less than about 5. and/or by withdrawing at least a portion of the product 
solution from the reaction vessel, me present inventor unexpectedly found that the rate and 
amount of chlorine dioxide produced could be increased by a factor of over 100, when 
compared to simply mixing the aforementioned reactants. 
20 As noted above, an important feature of the present invention is that it does not 

involve the use of free chlorine or chlorous acid in the manufacmring process, and does not 
produce either of these compounds in the reaction product composition. This provides a 
more environmentaUy acceptable product. In addition, free chlorine in a water treatment 
system is reactive and is capable of converting hydrocarbons into chlorinated hydrocarbons 
25 which are known carcinogens. Moreover, chlorous acid is very temperature sensitive and 
any increases in temperature above 40°C can be extremely dangerous. Thus, the present 
invention is very suitable in a water treatment system, where the water will be used for 
human consumption. 

Due to the inherent instability of aqueous solutions of chlorine dioxide, the present 
30 method is intended to be carried out on-site with the produced chlorine dioxide product being 
used within a period of 120 hours, preferably within 72 hours. Most preferably, the chlorine 
dioxide solution so produced is contacted with water or wastewater shortly (e.g. , within a 

19 
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dioxide solouoo conld regain -U. longer if I. Is — increased preaatre - 

teW.cn.U0O. alrhongh «* — — W°™**<* -* b " ** 

ofI beproduct. Tbetovcmorf^hasfoundUwtoe^pment^topwdaoe. 
a™*, of « ton/day of , 5.000 »6« -M» of CO,, oy singly mixing «. 

^^.•ue^iy^^^^^"^^^^"- 
siB Tbe taveBhm thmtae ■» ««*». pnrflnHy p-ubte. 

cWortae dioxide ge.er.don niece* and unit that i* c^ble of providing a lug* concents 
of chlorine dioxide in a relatively sbon period of time. 

Any alkali mete! salt of a chlorite ion can he used in accordance with the present 
,_«. „ long M It M» the reactos onOined above. Usual,, the atoll metal aal. 

chlorite is used. 

The present invention utilizes a datively weakacM system of a hydroxy caiboxyhc 
acid and a companion acid that wul not directly react with an alkali metal salt of a chlonre 
ion ^ughouttnisdes.ripUon.the^on. "relatively weak acid' denotes acids whach 

hydroxy carboxylic acid is important in that it serves as a temporary chlorine transfer agent 
b^rodi^ing the chlorine intermediate. R.CHCCDCOOH. While not wishing to be bound 

tL use of the companion acid, which permits the hydroxy carboxylic acid to perform the 
function without substantially forming a sah with the alkali metal. WhUe many hydroxy 
carboxylic acids generally are more costly man mineral acids such as HO and 8*0. the 
corrosive nature of mineral acids and the extreme care required in handling such acids is 
; w*^*teim«l^««*>^«**- Any hydroxy carboxyuc acid of the 

according to the present invention. R. can be any lower alkyl group which may or may not 
be substituted. Preferred organic hydroxy acids include butyric hydroxy acid, glycolic acid. 
CH2(COOH)CH2CH(OH)COOH. CH2(COOH)CH(OH)COOH. lactic dicarboxylic acid 

0 <CH2C(0I0(CO0Hfr 

preferred hydroxy carboxylic acid is lactic acid. Bepreseiaative lists of hydroxy carboxyhc 
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acids which can be used in the method of the present invention are provided in, inter alia. 
U.S. Patent No. 5,091.171. 

The acidity for the process of the present invention usually Is provided by an 
additional companion acid. Preferably, the companion acid is a relatively weak organic acid. 
5 This acid, like the hydroxy carboxylic acid is not environmentally detrimental when 
comr^tosuongrnineral acids such as HClandH^O,. In addition, the use of an organic 
acid, such as acetic acid is advantageous in that large scale users of chlorine dioxide, like the 
paper and pulp industries, have been using CIO, in a dilute acetic acid solutions. Thus, 
many potential users of the chlorine dioxide produced according to the present invention 
10 already have storage and handling facilities for organic companion acids such as acetic acid. 

Furthermore, the companion acid is not easily replaced by a stronger acid, such as 
hydrochloric acid or sulfuric acid, because when using HC1. the hydroxy carboxylic acid 
would not be capable of producing the required chlorine intermediate, R.OKCDCOOH. In 
the case of sulfuric acid, the sulfuric acid will combine with sodium chlorite to produce 
15 sodium sulfate which is an undesirable by-product salt which must be removed from the 
product solution. Any organic acid of the general formula R 2 COOH and which does not 
interfere with the formation of the chlorine intermediate or does not react with the sodium 
chlorite to produce undesirable salts can be used according to the present invention. R, can 
be H or a lower alkyl which may or may not be substituted. Companion acids such as acetic 
20 acid are preferred. 

In systems generally known in the art. substantial amounts of salts, usually NaCl or 
sodium sulfates, are produced. According to the present process, smaller amounts of NaCl 
and sodium chlorate are produced man the processes known in the art, and the production 
of sodium sulfates is avoided. In addition, while salt produced by known processes are 
25 generally troublesome, the sodium chlorate produced according to the present invention is 
somewhatbeneficial.tathatit^ Furthermore, the 

sodium chlorate can be converted back into sodium chlorite by. for example, a reconstitution 
reaction. Those skilled in the art are capable of converting sodium chlorate to sodium 
chlorite. 

30 The amount of water usually used corresponds generally to the amount of water 

typically present in conventional hydroxy carboxylic acid solutions and companion acid 
solutions. For example, hydroxy carboxyUc acids such as lactic acid are commerciaUy 
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■ h ™*ferabtv about 3 times. Accordingly, 10 concentrate the aqueous acia 
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1 L* in . water bath that e- be maintain* * • ""P"""" by 
. f , ^ th an alkali raetal salt of a chlorite ion m a tube. Generally, the 

3 «ivcn u* objects and NM- »— *""»• 008 I ' WKU, * rly T* 
TefL coated «•**. "*» ^ — "»»«'»-»•" " 
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volume in this advamageous embody is about 1,500 ml. Tnose skilled in the art at, 
capable of varying the size and shape f the reactor depending on *e amount of aqueous 
JL. dioxide to be produced, the flow rate of reactants. the P H of the aqueous reacuon 
solution, ^^i^^^^^^^^' 111086 Skll,ed 
5 in the art also are capable of modifying the *raperature of the reactor. 

■Ei« >^ctta «te «-t»-v«M-&-«-di»- w»i therpw—r fcmamon.- For 
example, a batch reaction can take place whereby after a given period of time me reactants 
are withdrawn from the reactor or a portion of the reactants are withdrawn periodically. In 
the case of a continuous reactor, the flow rates of the reaction solutions the «d 
10 reaction solution and the soluupn containing the alkali metal salt of a chlorite ion) can be 
' varied as well as the o» at which me product solution is withdrawn from the reactor. 
Ideally the faster *e reaction, the more product produced in a given period. Preferably, 
the reaction tune is within the range of from about 15 minutes to about 48 hours, more 
preferably, less than 24 hours, and most preferably, in the case of using a continuous 
15 process, the residence time in the reactor can be about 45 minutes, and even as low as about 

20 ^ The apparatus of the present invention generally includes the appropriate devices and 
mechanisms for carrying out the methods described above. The apparatus typically includes 
an acid storage tank and a chlorite storage tank whereby an aqueous acid solution is retained 
20 in the acid storage tank, (me aqueous acid solution being the same aqueous acid solution 
described above), and a solution of an alkali metal salt of a chlorite ion are stored in the 
chlorite storage tank. Mechanisms are provided which can both feed the appropriate 
ingredients to the storage tanks and to withdraw solutions therefrom. Preferably, these 
mechanisms include pumps and feed lines sufficient to withstand the flow rate of aqueous 
25 acid solution and solutions of alkali metal salt* of a chlorit* ion. Those skilled in the art can 
readily determine an adequate size for me respective storage tanks, feed lines and pumps to 
effect the requisite feed rates of reactant solutions (U. . aqueous acid solution and solution 
of an alkali metal salt of a chlorite ion). Or* particularly preferred embodiment of the 
invention includes two pumps (one for the aqueous acid solution and the other for the 
30 solution of the alkali metal salt of a chlorite ion) that operate at about the same level, for 
example at about 20 to about 30 cc/min. 
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The apparatus further includes a mechanism for mixing the aqueous acid solution and 
the nation containing the alkali metal salt of a chlorite ion to provide an aqueous reaction 
solution Any mechanism that adequately mixes the aforementioned solutions can he used, 
includine conventional tees or other joints that combine two streams into one, baffled pvping 
or the use of a stirred vessel. A particular preferred mechanism for mixing includes a tee. 
followed by a mbing packed with glass beads. The aqueous reaction solution, uponmixmg, 
then can be fed to a reaction vessel. 

Any reactor that is capable of effecting the reaction between the aqueons acid solution 
aod the alkali metal salt of a chlorite ion can be used including, continuous stirred reactors, 
simple tanks, plug-flow reactors and tubular reactors. A tubular reactor is particularly 
preferred. Advantageously, the reactor is temperature controlled by any mechanism capable 
ofmaintaimngtherea^ Tp^ skmed m me a« are farmliar 

witb varioiI5 temperature controlled reactors and can design a suitable reactor given the 
objectives and guidelines provided herein. In addition, reference can be made to any 
available reference manual such as Perry & Chilton's CHEMICAL ENGINEERS' Handbook 
StaEd McGraw-Hill, Inc.. (1973). Preferably, the reactor is a tubular reactor of about 150 
to 200 feet in length in a water bath, whereby the tubular reactor is coiled within the water 
bath. In addition, the reactor preferably is maintained at a temperature of about 40'C and 
provides a residence time of about 45 minutes. 

A product solution is withdrawn from the reactor by any mechanism capable of 
withdrawing an aqueous solution from a reactor. Preferably, the reaction is earned out 
continuously, and product solution is continuously withdrawn from the reactor. After eating 
the reactor, the product solution can either be used directly, or h can be treated further by 
stripping and absorption. For example, the product solution can be fed to a stiipper winch 
includes a gas-liquid inlet line, a liquid outlet and a gas outlet- Preferably, the product 
solution is contacted with a gas (such as nitrogen, argon or air) and fed to the stnpper. 
usually at the bottom where it is sparged with the liquid present in the stripper. The liquid 
level in the stripper can be n^aintamed by setting the level of the liquid outlet line. Those 
drilled in the art are capable of designing a suitable stripper given the objectives and 
j guidelines presented herein. 
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Any mechanism capable of withdrawing the stripped product solution and product gas 
from the stripper can be used in accordance with the present invention. Product solution 
preferably is withdrawn from the stripper via a pump, whereby the pump is operated at a 
level that is compatible with the feed rate of the combined product solution and gas, which 
is fed to the stripper via the gas-liquid feed line. In one embodiment, a pump is employed 
to withdraw the stripped product solution which effects a flow rate of about 50 to about 60 
cc/min, and the gas is mixed with the product solution at a flow rate of about 500 to about 
1 500 cc/min, preferably at about 1,000 cc/min. 

The stripped product solution then can be sent to a storage tank, or recycled to the 
reactor The product gas that is removed from the stripper then can be fed to an absorber. 
Actively, the product gas fust can be fed to a condenser to condense any unreacted acid 
that may be present in the product gas. Any mechanism for condensing unreacted acid can 
be used in accordance with the invention, and the skilled artisan is capable of designing a 
suitable condenser to effect the required separation. If a condenser is used, the chlorine 
dioxide^ontaming gas leaving the condenser is fed to an absorber. If a condenser is not 
employed, the product gas is fed directly to the absorber. 

The absorber preferably includes a gas-liquid inlet line, a gas outlet line and a liquid 
outlet line. Before entering the absorber, water is contacted with the product gas and then 
fed to absorber, usually at the bottom where it is sparged with the liquid present in the 
absorber. As with the snipper, the liquid level in the absorber can be maintained by setting 
the level of the liquid outlet line. Any mechanism capable of withdrawing liquid from the 
absorber can be used to withdraw the liquid from the absorber and any mechanism capable 
of feeding water to the product gas can be used. Preferably, pumps are employed to transfer 
the respective aqueous solutions, and more preferably, these pumps are operated at the same 
rate. In this embodiment, the absorber should be charged with the appropriate amount of 
aqueous medium prior to operation. In a particularly preferred embodiment of the invention, 
the pumps that feed the water to the product gas (or chlorine dioxide^ontaining gas if a 
condenser is used) and withdraw the aqueous chlorine dioxide solution from the absorber 
operate at about 200 to about 225 cc/min. 

Other embodiments of the apparatus of the invention that will be described in more 
detail below by reference to the figures include an acid pre-wash. In this embodiment, a gas 
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(preferably nitrogen or argon) contacts the aqueous acid solution priot to its mixture with the 
solution containinfi the alkali metal salt of a chlorite ion to provide an acid gas. The acid 
gas then is bubbled through the reactor whereby the acid entrained in the gas is absorbed in 
the aqueous reaction solution. The apparatus of the invention therefore would include a 

i stripper after the acid storage tank, or the acid storage tank would have an inlet gas feed line 
and an outlet gas feed line. Likewise, the reactor would be equipped with a mechanism 
capable of accepting the acid gas. and venting the spent gas. Those skilled in the art are 
capable of designing strippers, storage tanks and reactors capable of carrying out the 
aforementioned method using the objectives and guidelines provided herein. 

0 Inanadd iuo M lembc<iu^ 

* the stripper, optional condenser and absorber, a multi-stage countercurrent contactor. 
Preferably, a two-stage countercurrent contactor is used whereby product solution emanating 
from the reactor is contacted with gas (nitrogen, argon or air) in a first stage to provide a 
stripped product solution and a product gas. The stripped product solution then can be sent 
15 to storage and/or recycled to the reactor. The product gas is fed to the second contactor 
whereby it is contacted in a countercurrent manner with an aqueous medium such as water 
to provide an aqueous chlorine dioxide solution and gas (nitrogen, argon or air). 

The invention further includes methods and apparatus for treating water or wastewater 
whereby the aqueous chlorine dioxide solution is contacted with the water to be treated in a 
20 contact vessel. Advantageously, the contact vessel is sealed and operated at atmospheric 
pressure. The contact vessel may be operated at less than atmospheric pressure when the 
water to be treated and the aqueous chlorine dioxide solution are fed to the bottom of the 
contact vessel and the treated water is removed from the upper portion of the contact vessel. 
Any contact vessel capable of effecting contact between the water to be treated and 
25 the aqueous chlorine dioxide solution can be used in the present invention. Those skilled in 
the art recognize that the contact time in the contact vessel may vary depending on the 
particular contaminant that must be removed and/or reduced. In accordance with the method, 
an operator determines the concentration of the chlorine dioxide in the aqueous chlorine 
dioxide solution and based on that value, determines the contact time to effect the required 
30 purification. For example, if the water to be treated contains about 1.000 CFU/lOOml of 
fecal coliform. and it must be reduced to a value of less than about 5 CFU/lOOml to meet 
the requisite safety criteria for that particular area, then the operator can ascertain the contact 

26 
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10 nuouict.. . 

The contact time usually is represented as a CT value, which denotes the contact tune 
multiplied by the chlorine dioxide concentration. These CT values, or standards, are 
published, for example, in the 1991 Guidance Manual for Compliance with the 
Filtration and disinfection Requirements for Public Water Systems using 
Surface Water SOURCES, Denver, Co.. American Water Works Association. Hence, by 
knowing the degree of purification needed, and the concentration of the chlorine dioxide, the 
contact time in the contact vessel can be readily ascertained by those skilled in the art. In 
addition, those skilled in the art are capable of designing a suitable contact vessel using the 
objectives and guidelines provided herein. 

A comparison between simply mixing a companion acid, a hydroxy carboxylic acid 
and an alkali metal salt of a chlorite ion together and other known processes for producing 
chlorine dioxide are shown InTable 1. As Table 1 indicates, simply reacting the ingredients, 
although requiring milder conditions and producing fewer undesirable by-products, still had 
an unaccepted slow reaction rate and therefore produced a solution having a low 
concentration of chlorine dioxide. 
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Process I 


Process 2 




Simple Mixing' || 


| UseofNaClOj 


1.25 


1 


1 


1 | 


| Use of Cl» 


0 


1 


0 


0 0 


fl UseofNaOO 




o 


0.5 


0 


f Use of HC1 or H,S0 4 


1 


0 


0.5 


0 


Use of Lactic Acid _ 


0 


0 


O 


0.5 


II Use of Acetic Acid 


0 


0 


0 


0.8 


| Free chlorine in the 


none 


yes 


none 


none 




HQ in the Reactor 


y« 


yes 


yes 






Nad Formation (Salt) 


yes 


yes 


y» 


minimal or 
none 




HOC1 Formation 


none 


yes 


yes 


none 




CIO, formation 


yes 


yes 




yes 




| Corrosiviry 


most severe 


severe 


severe 


less severe 




1 Less Desirable Sodium 
| Products 


most 


high 


nigh 


less 




llselectivity to CIO, 




comparable 


comparable 


comparable 




U Heat of reaction 


highest 


high 


mild 


low J 




H Severity of Reaction 
U Conditions 


Very Severe 


Severe 


Severe 


Mild 




U Reaction Rate 


Relatively 
Fast 


Modest 


Modest 


Slow 




(I Continuous Operation 


Possible 


Possible 


Possible 


Possible 




H Single/Double Stage 


Single 


Double 


Double 


| Single 



Simpte mixing denotes mixing lactic and » 
aqueous solution of sodium chlorite. 



c acid together and then reacting them with an 



In an effort to fully understand the reaction kinetics and mechanisms involved in the 
production of chlorine dioxide, a simple reaction was carried out using simple mixing of the 
reactanis in a storage tank. A storage tank was filled about three quarters full with make-up 
water. The pH of the make-up water in the storage tank was adjusted to a pH of 2.8-3.5 
with acetic acid. Then, lactic acid was added to the tank and mixed well. Sodium chlorite 
then was added to the tank and mixed well. The tank was then mixed at atmospheric 
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one day, the tank contained about 5000 mg/1 of chlorine dioxide, and could have been used 
as a disutfectantyoxidant/mste and odor removal agent. 

As can be seen from Table 2, it took about 24 hours to achieve an aqueous chlonne 
dioxide solution containing ,000 mg/1, and tour (4) days to produce an aqueous chlonne 
dioxide solution containing 6,300 mgfl. The rate data for this simple mixing test is shown 
in Table 2. The selectivity of the C1D 2 is shown in Table 3. The product ratios and 
differential results are shown in Table 4. By using these data, the reaction rate for the 
simple reaction could be determined and correlated with reaction rate formulae. 

Table 2 Rate Data 



Tune 


ClOj 


CKV 


ClOf 


Yield 1 


Yield 2 


CI Accountability 


(hr) 


(mg/L) 


(mg/L) 


(rog/L) 


(%) 


(.%) 


(mol/L) 


2 


1300 


25500 




0.0684 


0.0485 


0.397 


4 


210 


24800 




0.1420 


0.0781 


0.398 


6 


2700 


23200 


809 


0.1104 


0.1017 


0.391 


12 


3800 


21900 


951 


0.1998 


0.1436 


0.389 


20 


4700 


19800 


1120 


0.2472 


0.1850 


0.373 


24 


5000 


18600 


1300 


0.2629 


0.2028 


0.361 


48 


5700 


15800 


1500 


0.2998 


0.2510 


0.332 


96 


6300 
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Table 3 Selectivity or CIO, 





Time (hr) 


Selectivity 


Selectivity 




(ft) 


(ratio) 


2 






4 


100.00 




I 6 


80.50 


4.13 


1 12 


83.18 


4.94 


I 20 


83.85 


S.19 


1 24 


82.63 


4.76 


I 48 


82.46 


4.70 



Table 4 Product Ratios and Differential Results 



Time (hr) 


cicycicv 


CIOj/CIOj 


dXCld/dt 
(mg/L hr) 


d(CIQ,7dt 
(mg/L hr) 


d(C10>7dt 
(mg/L hr) 


2 


0.05098 






-350.00 




4 


0.08467 




400 


-800.00 


0 1 


6 


0.11637 


3.337 


300 


-267.67 


404.5 


12 


0.17351 


3.99S 


183 


-262.50 


23.7 


20 


0.23737 


4.196 


113 


-300.00 


21.1 


24 


0.26881 


3.846 


75 


-116.66 


45.0 


I 48 


0.36075 


3.800 


29.2 




8.3 



From the product ratios and differential results set forth in Table 4, the graphs set 
20 forth in Figures 2-1 were constructed and used to correlate with mathematical reaction rate 
equations described in more detail below. 

An equttibrium reaction rate for the simple mixing test was modeled using the 
following reaction rate: 
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dC A 




where r* = reaction rate for C1Q 2 ; 
k is the reaction rate content; 
C2 is the concentration of CKV; 
Ca.,, is the equilibrium concentration of ClOi ; 



5 



and a is the psuedo power. 



toe integral method of analysis, a pseudo-power law rate constant was calculated. By 
ating the equation with limits of C A0 (initial concentration of CIO,") to C A the following 



To plot this equation, the values of C xo , and of for C1<V needed to be 
calculated. C AO was calculated from the data to be 0. 397 mol/L (26, 800 mg/L). The value 
of C Atq was extrapolated from the data to be 0.225 mol/L (15,200 mg/L). The integral plot 
of fluTdata and the resulting regression are shown in Figure 8. The value obtained for k' 
was -00.03366. 

To calculate the actual Tate constant and reaction order, a differential plot was used. 
In Figure 9, dC/dt for the CKV {i.e., how much CIO,' was consumed per unit time) was 
calculated from the data was compared with that obtained from the rate equation. Using k 
= o(-0.03366), the value of a was adjusted until the best fit was seen. The resulting order* 
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was found to be 0.9 and the corresponding rate constat was about -0.0374. The rate 
equation therefore was believed to be best represented by: 
_r A = -0.0374(C-0.225) 0 • , . 
Both the integral plot and differential plot shown were for the reaction of CIO, . 
However as shown in the data for the simple mixing tests, the conversion of CUV to CIO, 
wasnotona 1:1 basis, and the final ratio based on the material balance was about 1:0.573 
The factor 0.573 was then applied in the amount of CUV reacted according to the above rate 
equation to determine the amount of C* produced, as shown below. The resvdung 
differential and concentration plots for CIO, production are shown in Figures 10 and 11. 

The term r B represents the reaction rate constant for CIO, and was calculated 
according to the following equation: 

r B - 0.573*<C-C„r 



Figure 12 demonstrates that the resulting concentrations from the rate expression were 
close to the data. The values in the differential plot of Figure 11. however, underestimated 
mereactionrateateariytirneintervals. While not intending to be bound by any theory the 
inventor believed that this occurred because tt^ raUo of reacted ClO^QO, for the first few 
data points was close to 1:1 and then changed throughout the reaction. 

Based on the reaction data and findings above, 3 reactor configurations, a contmuous 
stirred reactor (CSTR). a plug flow reaction (PFR) and 2 CSTR's in series we* ^signed 
to have Uncapacity to produce one ton of an aqueous soluti<mc^tainmg50()0mg^ofClO, 
in one day. Schematics of these reactor systems are shown in Figs. 13, 14. and 15. The 
sizing necessary to achieve such a concentration can be shown below. 
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Table Sa Reactor sizing for single CSTR ^^^^^^^^ 
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Table Sc Reactor sizing for a single plug flow reactor 



1 Reactor Size 


Feed Rate 


Product Rate 


1 (gal) 


L/hr reaction solution 


ton/day soto 


1 ~~ 292 


37,8 


0.999 


1 25 


3.2 


0.086 


1 50 


6.5 


0.171 


1 100 


13.0 


0.342 


1 200 


25.9 


0.684 


I 300 


38.9 


1.0266 


1 400 


51.8 


1.368 


I 500 


64.8 


1.711 



As can be seen from the aforementioned tables, the reactor sizes required to produce 
one ton of an aqueous solution containing 5.000 mg/1 of chlorine dioxide are quite large. 
Significantly reducing the time for the reaction and significantly increasing the concentration 
of chlorine dioxide, as the present inventor has done, will result in a dramatic decrease m 
reactor sizing thereby em^Ui* a portable on^iteaq^ 

Understanding the reaction kinetics of the simple mixing test described above 
permitted the inventor to devise the reaction sequence (equations R14-R20), and to find. qu,te 
unexpectedly, that not only was the reaction sequence dramatically different from the 
sequences reported in the prior art, but also that a nearly 100 fold increase in chlorine 
dioxide production could be achieved by maintaining the pH of the reaction sohmon to a 
valueless than about 5. and by withdrawing at least a portion of the product solution during 
the reaction. 

The present invention now will be explained in more detail by reference to the non- 
limiting examples that follow. 



SAMPLE 1 

The ingredients listed in Table 6 below were fed to a continuous stirred batch reactor 
at ambient temperature and pressure, and were reacted for a period of time, whereby samples 
were taken after six hours. 



PAGE 44/92 1 RCVD AT 1 111812003 5:07:49 PM [Eastern Standard rime] * SVR:USPTO-EFXRF-1/0 • DNIS:8729469 * CSID: * DURATION (mm-ss):22-04 

Copied from 09996135 on 30-03-2004 



NOV-18-2003 TUE 05:18 PM 

WO 97/30931 



FAX NO. 



1 PCT/US97/Q21S7 



Table 6 



3.06 

2 
10.4 



£ 

ml 
ml 



NaClOj 
Lactic Acid 
^Acetic Acid 



NaCJOj is dissolved in 10 ml water 
Acids are placed in 70 ml water 
Covered 
PH 

Volume 



Sample Time 
CIO, 



cicy 




to accords with this embodiment, approximately 3 853 me/r f „ 
produced over a period of only six hours. ^ ° f C1 °* was 

EXAMPLE i. 

As demonstrated in the above reaction equations (R14-R201 and 
present inventor, maimaining the acidirv nf 2 m4 ~^ as discovered by the 

P-vidin, an ^ lT aCUOn ^ P%S - ~ "* - 

-*^T^ «■> 

- effect, of the pH on the production* chl a T ^ ^ ^ 

.ore concent acid ^m.^Z^!^*'*******" 

broken curved Une to ^ Joww ^^^"^ tote ^-^«. 

action solution ^T^^^-—^ 
lower value throu.hout me reaction HG 7 *" ?H * * 

- discus abov , As seen 

J-* time, even when *e concent^ t ~ ^ - 
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Significantly, the sharp decrease in the reaction rate substantially overlaps the sharp increase 
in the pH. 

On the basis of these findings, the inventor found that a first order rate expression as 
developed using the simple mixing test, was not adequate for accurately modeling the 
reaction rate, due to the strong reaction inhibition effect of increasing pH (/. e. , decreasing 
hydronium ion concentration, see Equations R14 and R17). The inventor devised the 
following second order rate expression in an attempt to better understand the actual reaction 
mechanisms involved: 

r aoi = ^'CHjaojCj!.* 

where r^ is the rate of C10 2 production in g/L/b and the C's denote the concentrations of 
the subscripted species in g/L. 

As the expression indicates, as the reaction time increases, two factors, namely the 
depletion of reacumt (sodium chlorite) and we depletion of the hydronium ion (increase in 
the pH), contribute to the decrease in the reaction rate. For example, according to the 
simple mixing test described above, at 30 hours, the concentration of sodium chlorite 
decreased from an initial value of 31,125 mg/1 to 16,667 mg/1, or 53,5% of its original 
value, whereas the H + ion concentration dropped to 12.6% of its original concentration. By 
multiplying these two percentages, a value of about 6.7 % of the initial reaction rate is 
obtained at 30 hours. This predicted value for the CIO, production rate corresponded very 
closely to the experimentally obtained value. Decreasing the rate to a value of about 6.7%. 
as occurred in the simple mixing test, however, is unacceptable from a commercial 
standpoint. 

In an effort to decrease the substantial reduction in the reaction rate, the inventor 
undertook several experiments to study the effect of the reactant concentration and hydronium 
ion concentration on the reaction. In each of the following experiments, the total amount of 
acid and rcactants were kept constant, but either all of the acid was loaded initially, or was 
loaded incrementally. The experiments were carried out in a batch mode according to the 
conditions of Example 1. 
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Example 2a 



15 



About 600 ml of reactants, the entire amount was charged into a reactor at t=0. 
The P H change is monitored as a function of time and is shown in Figure 16. 



Three different loadings of 208 ml each at each time interval, i.e., 200 ml (@t=0) 
+ 200ml(@t=2) + 200ml(@t=4), for a total of 600 ml in 6 hours. 

The reaction mixtures of Examples 2a and 2b were analyzed for the CIO, 
concentration at the 4 and 6 hour marks. At 4 hours, the reaction mixture of Example 2a 
had a CIO, concentration of 2,500 mg/L, whereas the reaction mixture of Example 2b had 
a CIO, concentration of 2,670 mg/L. This is particularly remarkable when considering that 
the mean residence rime of the reaction mixture of Example 2a was 4 hours, whereas the 
mean residence time for the mixture of Example 2b was 3 hours (/. , . a half of the reactants 
for 4 hours and the other half for 2 hours). 

At the six hour point, the reaction mixture of Example 2a had a concentration of 
2,700 mg/L. while the reaction mixture of Example 2b had a CIO, concentration of 2 800 
mg/L. The mean residence time of the reaction mixture of Example 2a was 6 hours 
Whereas the mean residence time of the reaction mixture of Example 2b was only 4 hours 
" ' 8 *** f ° r 6 h0UI5 ' a^er third for 4 hours and the remaining third for 2 hours) 
A plot of P H vs. time for Example 2b is shown in Figure 16. As Figure 16 shows 
the smgle fading of Examp.e 2a reached a higher !evel of P H much raster than the triple 

-duced to a lower level, and its increa* thereafter was substantial* the same as the initial 
loatae of Example 2a. 

be «f tta. tohfcMon ^ plaee ^ „,„ ^ ^ proposaj ^ ^ 

» «. Abov. , cemin pH tevd, .he reKttoa bKonKli ^ 
«*M>le. o, put ^ ^ p]TC on)y wUh 

carry stage. 
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From Examples 2a and 2b. the inventors were also able to confirm that the total 
length of reactant contact time is not as important as the time under the preferred conditions 
(i.e., lower pH, preferably below 4), as described above. 

Based on the reaction mechanisms and equations first proposed and the experiments 
5 performed using the simple mixing test, the inventor was able to understand the role of 
acidity, and the need to maintain the reactor pK relatively low for ah extended period of 
reaction time. As described herein, the expression "relatively low pH" and "low pH" 
denotes a pH at or below 4. 

While any known method for maintaining low pH conditions throughout the period 
10 of reaction can be used according to the present invention, a number of preferred 
embodiments for maintaining the preferably low pH are described below. Two preferred 
embodiments include (i) reducing the amount of water present in the aqueous acid reaction 
solution, and (ii) increasing the amount of acid used in the reaction. Water is believed to 
have a dual purpose in the production of chlorine dioxide, i.e., as a reaction medium and as 
15 a product storage medium. However, a large amount of water can be detrimental due to its 
requirement for a large reactor and the inflexibility in pH control and adjustment when large 
amounts are used. 

Several experiments were conducted by reducing the- amount of water used in 
Example 1 by one half. These results are shown in Tables 7 and 17. As the results in Table 
7 demonstrate, even in a batch mode where the product was also accumulated in the reactor, 
it took only 6 hours to achieve aproduct concentration of 7,853 rag C10 2 /L when the amoum 
of water was reduced to one-balf of its initial volume. Hence, over 1 m times the 
concentration of chlorine dioxide was achieved in 1/4 of the time, when compared to the 
simple mixing test described above (/.*. , nearly a 6 fold increase). Table 17 demonstrates 
the increase in production by using reduced amounts of water in continuous reaction systems, 
and using various reaction lengths, which are discussed more folly below. 
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2 
10 



8 

ml 
ml 



Table 7 

NaC10 2 
Lactic Acid 
Acetic Acid 



NaC10 2 is dissolved in 10 ml water 
Acids are placed in 35 ml water 
Covered 

PH 3 
Volume 57 ^ 

Temp 22 D C 



Sample Time 
Final pH 

cio 2 

CIO," 



6 hrs 
3.5 

7,853 mg/L 
448 nig 
32,708 mg/L 
1.864 mg 



Several experiments also were conducted by approximately doubling the amount of 
acid normally US ed in the embodiment according to Example 1. These results are shown in 
Table 8 below. As the results in the Table 8 demonstrate, the yield even in a batch option 
at 22-C took only 6 hours to reach 4.829 mg C10 2 /L, whereas in the simple mixing test it 
took 24 hours to reach 5000 mg ClO./L, (i.e., nearly a 4 fold increase) 



r3.06 



g NaClOj 
nu 4 Lactic Acid 

ZL ral Acetic Acid 

NaCIQ, is dissolved in 10 ml water 
Acids are placed in 70 ml water 
Covered 

P H 2.7 
Votume 105 ml 



Sample Time 6 hrs 

C1 °* 4,824 mg/L 

507 mg 

c, °*' 19,543 mg/L 

2,056 mg 
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Reducing the amount of water in the aqueous reaction solution and increasing the 
amount of both acids have the affect of keeping the reaction solution at a low pH for a 
prolonged amount of time so as to provide a sufficient concentration of hydronium ions, thus 
allowing the reaction to proceed at an unexpectedly faster rate. Using either approach, the 
5 amount of water is generally present in an amount within the range of from about 1 .5 to 3 .5 
times the total amount of acid, by weight, and more preferably, about 3 times. 

Another technique which is particularly preferred for providing and maintaining a low 
pH in the reaction mixture is the use of an acid prewash. An acid prewash is defined herein 
as the steps of bringing an inert carrier gas, such as nitrogen, into intimate contact with the 

10 aqueous acid solution, (the acid solution in this context contains either the hydroxy carboxylic 
acid, the companion acid or both) such as by bubbling the gas through the acid solution to 
produce an acid gas. whereby the acid gas subsequently contacts the reaction solution, which 
contains both acids and the alkali metal salt of a chlorite ion, by bubbling it through the 
reaction solution. In this embodiment, it is preferred to use relatively volatile acids that are 

15 capable of being entrained in an inert gas. 

A preferred aqueous acid solution is an acetic acid solution. As used herein, an inert 
gas is defined as a gas which substantially does not take part in the chlorine dioxide 
production reaction and more preferably does not take part at all. Preferred gases include 
nitrogen, carbon dioxide, argon, and even air. An especially preferred inert gas is nitrogen. 

20 A volatile acid is defined herein as an acid which due to its high vapor pressure can be 
readily transferred to (i.e. , entrained with) the gaseous phase under ambient or slightly above 
ambient conditions. The acid gas then is brought into intimate contact with the reaction 
solution, where the acid is transported back into solution, due to the mass transfer driving 
force. Using the acid pre-wash mechanism, the acid can be added to the reactor 

25 incrementally, thereby maintaining the pH at a low value, preferably below 4. The volatile 
acid concentration in the acid wash solution can be varied within wide limits. Those skilled 
in the art are capable of altering the temperature, concentration of volatile acid and flow rate 
of inert gas to provide for an adequate concentration which will enable suitable pH control, 
given the guidelines provided herein. 

30 The effect on the pH of an aqueous reaction solution by using an acid pre-wash was 

investigated and the results are presented in Table 9. As Table 9 indicates, the initial pH of 
the reactor was 2.9 and the final pH was 3.3, whereas the initial pH of the acid pre-wash 
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solution was 2.25 and the final pH was 2.5. Tnua, acid pre-wash has the effect of 
maintaining the pH f the reaction solution in a range which provides sufficient hydronium 
ions for the production of OOt to proceed at an economically feasible rate of about 5,626 
mg/L/6 hours. This value can be compared to the 5,000 mg/L achieved after 24 hours that 
5 was achieved in the simple mixing test. 

Table 9 

Nitrogen Flow Experiment 
Acid Wash 

Nitrogen Flow rate 12 cc/rain 
10 Sampling Time 6 hours 



15 



U Type 


Reaction 
Volume (mL) 


CIO, 

dna/L) 


Total 
(me) 


Qoy 
(mg/L) 


Total 
(ma) 


Initial 
pH 


Final 
pH 


II Acid Wash 
II Reactor 
V Trap #i 
A Trap #2 


200 

1.000 
1,000 


4.021.67 
310.33 
15.83 


804.33 
310.33 
15.83 


23.125.00 


4.625.00 


2.25 
2.9 


2JS 
3.3 
4.4 
4.6 


|| Tout 




3,632.50 


1.130.50 











Reaciar Equivaleiit CIO] = 5.653 mg/L. 



According to one preferred embodiment, the effect of doubling the amount of 
companion acid while at the Game reacting the solution at an elevated temperature of 40°C 
20 was observed in a batch reaction. According to this embodiment, a chlorine dioxide 
concentration of 5,637 mg/L resulted after only 3 hours of reaction time, which represents 
over an 8 fold increase in chlorine dioxide production. 

While the techniques for controlling pH described above are preferred, other 
techniques known in the art for achieving the same pH lowering effect can also be used 
25 according to the present invention. 

EXAMPLE 3 

In other embodiments according to the present invention, the effects of increasing the 
reaction temperature on the production of chlorine dioxide were investigated. As described 
above, increasing the concentration of companion acid coupled with increasing the reaction 
30 temperature to about 40°C resulted in considerable improvements in chlorine dioxide 
production. Increasing the reaction temperature of a chemical process is not always 

41 
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favorable, however, since: (i) both main and side reactions are also simulated, including 
inhibition reactions; (ii) thermodynamic equilibrium may not be favored, which has the effect 
of limiting the extent of reaction; and (Hi) the beat of reaction may become an important 
factor, especially for exothermic reactions. In addition, if chlorous acid is produced as a by- 

5 product, increasing the temperature may be hazardous. 

As shown by the reaction equations and mechanisms described above, the 
aforementioned factors disfavoring increased temperature conditions likely are not present 
in the present invention. Thus, operating the reaction system of the invention at an elevated 
reaction temperature is preferred. Indeed, the temperature affect on the CIO, production 

10 reactions was found to be very significant as shown below. 

Any known method for elevating the temperature of the reaction solution can be used 
according to the present invention- Preferred methods include an isothermal water bath 
surrounding the reactor, microwave heating of the aqueous reaction solution, inunersible 
beating elements, etc. The reaction temperature can be at any temperature which allows for 

15 the reaction to take place. A preferred reaction temperature is greater than about 20°C, 
more preferably within the range of from about 30°C to about 45 °C, and most preferably 
about 40°C. 

Using a small glassware system, experiments were carried out at various 
temperatures, in an isothermal water bath, with combinations of different operating 
20 conditions, which are discussed more extensively below. 

Example ga 

The reaction system as described in Example 2 was operated at 20, 30 and 40" C. For 
the 20°C experiment, the reaction mixture was analyzed for C10 3 at 2, 3 and 6 hours. For 
the 30° C and 40°C mixture, the reaction mixture was analyzed at 3 hours and 6 hours. The 
25 concentration at 3 hours is given below. 

@ 20°C, 3,100 mg/L 

@ 30°C, 4,300 mg/L 

@ 40 B C, 5,600 rag/1 

The results are also shown graphically in Figure 17. As Figure 17 demonstrates, higher 
30 concentrations of CIOj are obtained at higher temperatures at all times between 3 and 6 
hours. 
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Example 3b 

NaC10 2 (6.05 g) was dissolved in 20 ml of water. Lactic acid (4 ml) and acetic acid 
(20 ml) were admixed in 140 ml of water. The reaction solution containing NaClQ, and 
acids was reacted at an initial temperature of 40° C. The sample times and temperatures are 
5 presented in Table 10 below. 



Table 10 



6.05 


e 


NaC10 2 


4 


ml 


Lactic Acid 


20 


ml 


Acetic Acid 


NaClOj is dissolved in 20 ml water 


Acids are placed in 140 ml water 


Volume 




184 ml 


Temp. 




40 C 


Sample Time 




3 bis 


Temp. 




43 C 


ao 2 




5,543 mg/L 






1,020 mg 


CIO, 




27,083 mg/L 






4.983 mg 


Sample Time 




6 hrs 


Temp. 




54 C 


ClOj 




6,976 mg/L 






1,284 mg 






17,292 mg/L 






3,182 mg 



Example 3c 

NaClOj (6.07 g) was dissolved in 20 ml of water. Lactic acid (4 ml) and acetic acid 
(20 ml) were combined in 150 ml of water. The NaClOj and acid reaction Solutions were 
combined for a total volume of 194 ml at an initial temperature of 27°C. The reaction 
30 mixture was heated and the sample times and temperature are presented in Table 1 1 below. 



43 
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Table 11 



6.05 g 


NaClOj 




4 ml 


Lactic Acid 




.24 ml 


Acetic Acid . 




NaClQ 2 is dissolved in 20 ml water 




Acids are placed in 150 ml water 




Volume 


194 ml 




P H 


27 C 




Sample Time 


3 his 




Temp. 


43 C 




CIO, 


5,399 mg/L 






1,047 mg 




CIOj- 


22,569 mg/L 






4.378 mg 




Sample Time 


6 hrs 




Temp. 


54 C 




cio 2 


5,130 mg/L 






995 mg 




ClOj" 


10,938 mg/L 






2,122 mg 





Yellow gas railed out of the Beaker when it was opened 



As the results in Table 11 indicate, maintaining the reaction solution at 43°C for 3 
hours provided a ClOj concentration of 5,399 mg/L. This is compared to 3,853 mg/L of 
C10 2 for 6 hours for Example 1 and 2,700 mg/L for 6 hours for the simple mixing test. As 
25 Table 11 also indicates, when the temperature was increased to 54°C, the reaction solution 
started to decompose, and a yellow gas evolved when the beaker containing the reaction 
solution was opened. 

EXAMPLE 4 

As additional preferred embodiment of the present invention is to separate at least a 
30 portion of the product from the reaction solution during the reaction process. This can be 
done in addition to, or in lieu of, maintaining the pH of the reaction solution at a value of 
less than about 5. This separation is believed to serve two purposes. One is to provide ClOj 
which is substantially free of the unreacted reactants and other side products such as NaC10 2 
and NaClOj. The other purpose is to prevent the reaction mixture from reaching chemical 

44 
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equilibrium. In other words, since the reactor will not have to serve as a product storage 
unit, the chemical equilibrium limitation In the ClOj formation reaction will be alleviated. 

In order to separate at least a portion of the CIO, from the reaction solution, any 
known separating processes can be used according to the present invention. Preferred 

5 separating processes include passing the reaction solution through packed beds or an 
absorption coiumn, and snipping. A particularly advantageous mechanism is continuously 
reacting the reaction solution and continuously withdrawing product solution, and then 
subsequently treating the product solution by stripping, optionally condensing and then 
absorbing. Since there is a substantial difference between the vapor pressure of CIO* and 

1 0 the vapor pressure of the other chemical species present in the product solution, a separation 
technique which utilizes a difference in vapor pressures is preferred. An especially preferred 
separating technique is to pass a gas. preferably an inert carrier gas, through the product 
solution. This can take place either (i) while the product solution is in the reactor, or (ii) 
after the product solution is removed from the reactor. Preferably, this stripping process 

IS occurs after the product gas is removed from the reactor. The inert gas, which contains 
chlorine dioxide, then can be passed through one or more water traps to remove the ClOj 
from the inert gas. The expression "water trap," as used herein, generally denotes a vapor- 
liquid absorber. 

A schematic diagram according to one separation embodiment of the invention is 
20 shown in Figure 18. As Figure 18 illustrates, two water traps 13, 14 in serial are placed 
after the reactor vessel 16. These traps serve to strip the C10 2 present in a product gas 17 
which has been passed through reactor vessel 16. The inert carrier gas 18 preferably is 
selected from nitrogen or argon, and most preferably is nitrogen. Generally, two water traps 
are sufficient to scrub substantially all of the ClOj from the product gas 17. As used herein, 
25 the term "substantially all," is defined as the removal of 99% or greater of the ClOj 
entrained in the product gas stream. Although two water traps are shown in Figure 18, 
more or less traps may be used depending on system requirements. 

If a water trap is used, the inventors have found that as a general rule of thumb, a 
vertically long, relatively small volume trap with a low inert gas flow rate, attains a higher 
30 concentration of CIO* in the solution and is thus preferred. Usually . the volume of the water 
trap is within the range of from about 10% to about 200% of the reactor volume. Another 
preferred condition is maintaining the temperature of the traps at a low temperature, due to 
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the greater solubility of the chlorine dioxide in the water at lower temperatures. 



The 



temperature of the traps is generally within the range of from 4°C to about 25°C, preferably, 
within the range of from about 10°C to about 20°C. 



The conditions of Example i were repeated with the addition of two 150 ml traps and 
a reactor volume 200 ml. The results are shown in Figure 19. 



Example 4b 

Example 4a was repeated with the exception that the two water traps both had a 
volume of 2000 ml. The results are shown in Figure 20. 

As Figures 19 and 20 demonstrate, the ClOj concentration in the first trap for 
Example 4a was greater than 5,000 jng/1, whereas in Example 4b the concentration did not 
even reach 400 mg/1. These results illustrate that the maximum concentration attainable by 
the product trap can depend upon the geometrical shape and dimensions, whereas the 
maximum peak concentration temporarily achieved by the reactor is more dependent upon 
the flow rate of the nitrogen sweep gas. 

The discovery of the reaction equations and kinetics described herein assisted the 
inventors in determining the variables that have the greatest impact on the production of 
chlorine dioxide. The inventors therefore were capable of adjusting these variables in a 
20 direction to favor the reactions shown in the above equations. 

In especially preferred embodiments of the present invention, the present inventors 
nave found that by combining several of the above features (i.e., increase pH, increase 
temperature, product removal and separation), enabled especially high yields of chlorine 
dioxide. 

25 According to one preferred embodiment, in a batch reaction similar to that described 

in Example 3b, the effect of doubling the amounts of acid while at the same time reacting 
the solution at an elevated temperature of 40°C was observed. The conditions and results 
are presented in Table 12 below. As Table 12 indicates, a chlorine dioxide concentration of 
5,637 mg/L resulted after only 3 hours of reaction time. 

46 
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Table 12 



10 



6.04 g 
8 ml 
40 ml 


NaClO a 
Lactic Acid 
Acetic Add 




NaClOi Is dissolved in 10 ml water 
Acids are placed m 140 ml water 
Volume 208 ml 
Temp. 40 C 


Sample Time 

Temp. 

CIO, 

cio,- 


3 hrs 
43 C 
5,637 mg/L 
1,172 mg 
20,833 mg/L 
4,333 mg 




cio 2 


6,523 mg/L 
1,357 mg 




cio," 


1,580 mg 





According to other preferred embodiments, the effects of providing an inert sweep 
gas, increased temperature and an acid prewash was investigated. A system similar to that 
shown m Figure 18 was used to separate the product from the reaction solution. The 
conditions and results are presented below in Tables 13-16. 

The reactor equivalent is defined as the concentration in the reactor which would have 
existed if all the CIO, which had been produced (i.e., the combined amounts in the traps 
downstream and the amount actually remaining in the reactor) had remained in the reactor. 
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Table 13 Example 5b 



6.06 g NaClOj 


Sample Time 


3 hrs 




4 ml Lactic Acid 


Reactor 






20 ml Acetic Acid 


Temp. 


39.3 






pH 


3.4 




NaClOj is dissolved in 20 ml water 


ClOj 


6,413 


me/L 


Acids are placed in 150 nil water 




1*244 




Volume 194 ml 


nri • 

1 


21 354 


_ „ 
* 


Temp. 39.5 C 




4 143 


mg 


Trap#l 1,000 ml 








Trap #2 750 ml 








Acid Prewash 


Trap #1 


4.9 




Water 150 ml 


pH 




Acetic Acid 40 ml 


cio 2 


134 mg/L 




Lactic Acid 8 ml 




134 mg 






Trap n 








pH 


5.3 






cio 2 


1.07 mg/L 








0.81 mg 






Total ClOj 


1,379 mg 






Total C10 2 - 


4,143 mg 






Reactor Equiv 


7,108 


mg/L 
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Table 14 Example 5c 



7.5 g NaC10 2 


Sample Time 


3 hrs 


5 ml La crip Acid 


Temp. 


39.5 C 


25 nil Acetic Acid 


Reactor 




pH 


3.5 


NaClCs is dissolved in 25 ml water 


CIO, 


3,167 rng/L 


Acids are placed in 188 nil water 




770 mg 


CIO." 


2,500 mg/L 


i volume mi 


3,038 mg 


In. temp. 37.5 C 






Bath 39.5 C 






Flow IS cc/min 






Trap «l 1.000 mi- 


Traptfl 




Trap #2 750 mL 


pH 


3.9 I 


ClOj 


470 mg/L 


I Acid Prewash 




470 mg 


| Water 18S mL 


Trap SI 




| Acetic Acid 50 mL 


pH 


S.3 


I Lactic Acid 10 mL 


CIO. 


17,08 mg/L 






12.81 mg 




Lactic Acic . 


„ 




t. M i /"«ir» ■ 

jotai t-iLij 


3,038 mg 




Reactor Ecjuiv. 


< 1 ma/1 




Sample Time 


6 hrs 




^PCPr 
Temp. 






pH 


3 6 




CIO; 


2,00o mg/l~ 






n ^j. mg 




C10 2 " 


9,375 mg/L 






2,278 mg 




Trap 11 






pH 


43 




CIO, 


846 mg/L 






846 mg 




Trap 02 






PH 


4.5 




CIO, 


53.33 mg/L 






40.00 mg 




Total CIO, 


1,373 mg 




Total C10 2 - 


2.278 rag 




Reactor Equiv, 


5,650 mg/L 
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* Tabia IS Example 5d 





Sample Time 


3 hrs 1 


S ml Lactu; Acid 




39.5 C 


25 ml Acetic Acid 


fleqetor 






dH 


3.5 


NaClO, is dissolved in 25 ml water 


CIO, 


3,800 mg/L 


Acids are placed in 188 ml water 




923 mg 


ClOi" 


14,583 mg/L 


Volume 243 ml 




3.544 mg 


In- temp. 37.5 C 






Bath 39.5 C 






Flow IS cc/min 






Trap #1 1,000 mL 


Trap#l 




Trap #2 750 mL 


pH 




CIO, 


428 mg/L 


Atiti Prewagh 




428 mg 


Acetic Acid 62 


Trap #2 




Lactic Acid 12 mL 


PH 




Water 125 mL 


ClO s 


10,88 mg/L 






8.16 mg 




Total CIO; 


1,359 mg 




Total ClOj" 


3,544 mg 




Reactor Equiv. 


5,593 mg/L 




Sample Time 
Reactor 


6 hrs 




Temp. 


39.5 C 




pH 


3.6 




CIO, 


2.164 mg/L 






S26 mg 




ClOv 


10,417 mg/L 






2.S31 mg 




Traptfl 






pH 


4.2 




ClOj 


798 mg/L 






798 mg 




Trap #2 






PH 


4.5 




cio 2 


46,67 mg/L 






35.00 mg 




Total ClOj 


1,359 mg 




Total C10 2 - 


2,531 mg 




Reactor Equiv. 


5,531 mg/L 
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Table 16 Example Se 



g NaClOj 
nil Lactic Acid 
ml Acetic Acid 



NaC10 2 is dissolved in 25- m! -water 
Acids are placed in 188 ml water 



Volume 
In. temp. 

I Bath 
Flow 
Traprfl 
Trap n 



243 ml 
38 C 
40 C 
15 cc/min 
1,000 mL 
750 mL 



Acid Wash 
Acetic Acid 250 



Sample Time 



pH 
CIO, 



cicv 



Trnp Ml 

pH 

CIO, 

Trap HI 

pH 

CIO, 



Total ClOj 
Total CUV' 



Reactor Equiv. 



3.6 
3.325 mg/L 

808 mg 
13,542 mg/L 
3,291 mg 



4.5 

542 mg/L 
542 mg 

5.6 

11.88 mg/L 
8.91 mg 

1,358 mg 
3,291- mg 



1 



As Examples 5 b-e indicate, there was increased acidity in both traps 1 and 2 due to 
the acid carry over by the nitrogen sweep gas. Although increasing acidity of the traps is 
not a substantial drawback, it leads to higher cost due to: (i) the additional acid which has 
to be provided to the reactor to compensate for the acid which is carried over to the traps; 
and (ii) any neutralization required if the C10 2 cannot be used in an acidic medium. To 
minintiw the acid carry over, the inventors have found that an inert gas flow rate in the 
tange of from about 0.01 cc/cc/sec. to 1 cc/cc/sec, preferably within the range of from about 
0.05 cc/cc/sec to about 0.2 cc/cc/sec. 



EXAMPLE 6 

According to another preferred embodiment, a continuous reaction system utilizing 
both high temperatures, product collection and pH control was tested. A system similar to 
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that exemplified in Figure 22 was employed. The results are presented in Table 17 below. 
As Table 17 indicates, a total of nine runs were completed varying both the reactor length 
and amount of water used. The reactor used was a half-gallon tubular reactor which was 
operated continuously at 40°C, along with stripping with a nitrogen flow. The reactor was 
made of 3 coils of 5/8 inch Teflon coated polyethylene tubing. Each coil was 50 feet (1 ,524 
cm) long with an internal volume of 484 ml, thereby providing a 1,449 ml reactor, when the 
reaction solution was run through all three coils. 

As shown in FIG. 22, acetic acid 10 and lactic acid 20 were fed to and admixed in 
an acid storage tank 140. Sodium chlorite 30 was fed to a sodium chlorite storage tank 150. 
An aqueous acid solution was admixed with the sodium chlorite and fed via line 40 to tubular 
reactor 160. Product solution 50 was fed to a Cld stripping unit 170 and contacted 
countercurrently with nitrogen gas 60. Unreacted sodium chlorite was withdrawn via line 
70 and product gas 80 was fed to condenser 180 to condense any acid present in the product 
gas 80. The condensed acid solution was withdrawn via line 90 and a chlorine dioxide- 
containing gas 100 was fed to a C\O t scrubbing unit 190. Water 110 contacted gas mixture 
100 whereby scrubbed nitrogen was removed via vent 120 and aqueous chlorine dioxide was 
withdrawn via line 130. 



fix. 


Amount 

of 
Wiler 




Initial 
NaCIO, 
(mg/L) 


Final 
CIO, 
(mg/L) 


CIO, 
(mg/L) 


Conver- 
sion 


Time 1 
(min.) II 


6a 


Original 


3.048 
4.572 


32.B50 


20.139 
15.104 
16.484 


3,452 
4.096 
4,666 


14.18% 
16.82% 
19.16% 


48 II 
96 R 
144 


6b 


1/2 
Water 


1,524 
3.046 
4,572 


65,278 


54.732 
44,792 
35,000 


10.B72 
11.875 
U.4M 


22.47* 
24.54% 
23.76% 


48 || 
96 II 

144 n 


6c 


1/3 
Water 


1.S24 
3.048 
4,572 


97,778 


85.417 
62.500 
37400 


23,275 
20.900 
18.050 


32.12% 
28.84% 
24.91% 


48 11 
96 | 
144 | 



As seen from Table 17, the maximum chlorine dioxide concentration was for the run 
using 1/3 the normal amount of water and using a single coil reactor. This provided an 
unexpectedly high concentration of 23,275 mg/L of CIO} in only 48 minutes which represents 
nearly a 140 fold increase in chlorine dioxide productivity. Thus, this embodiment of the 
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present invention provides a reproducible concemration f C10 2 which was previously 
unattainable according to the known methods for producing chlorine dioxide, including 
simply mixing a companion acid, a hydroxy carboxylic acid and an alkali metal salt of a 
chlorite ion. Indeed, this amount of chlorine dioxide far exceeds that obtained in the simple 
5 mixing test, even after the system used therein was allowed to react for an entire day. The 
sodium chlorite selectivity (or, pure product conversion) to chlorine dioxide reached over 
32% in only 48 minutes. 

The inventor also observed that the reactor was supersaturated with the chlorine 
dioxide vapor and was under a mild pressure due to the presence of the chlorine dioxide 
10 vapor. With this high of a concentration of chlorine dioxide, it becomes very important to 
' utilize safe handling and storage of the product due to its mild explosiveness at concentrations 

in air greater than 11%- 

In another preferred embodiment, additional experiments were undertaken varying 
certain parameters of the methods described above. 

15 EXAMPLE 7 

A system similar to mat shown in Figure 23 was operated using the following 
conditions. 



Chlorite Storage unit 200 


352 g SaC10» 30 


1,800 ltd Water (may be increased)" 


Aeid Storage Onit 250 


BOO ml Acetic Acid 10 




160 ml Lactic Acid 20 




B70 ml Water (may be increased)' 


Pumps #1 


5cc/min 


#2 


5cc/min 


#3 


locc/min 


Reactor Residence Time 


48 min/each reactor coil 




145 min total for three SO' coils 


product Concentration 


over 15,000 mg/lj 



, The numbers given are a ou^-.-a- — — — 

Pump #1 puntpe acid from aeid Btorage unit 200, pump #2 pumps sodium 

chlorite from chlorite storage unit 250 and pump #3 pumps stripped product US 

from stripper 500. 

For most runs, n»re amounts of water may be used. 

For moat runs, one or two colls may be used instead of three. 
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The continuous reactor embodiment illustrated in FIG. 23 provides a high 
concentration of chlorine dioxide in a short period of time. Companion acid 10 and hydroxy 
carboxylic acid 30 are fed to acid storage unit 200 along with water for dilution, and aqueous 
alkali metal salt of a chlorite ion is fed to chiorite storage unit 250. Aqueous acid solution 

S 35 is combined with the sodium chlorite and mixed in mixer 300 and the mixed reaction 
solution is fed to reactor 400. Preferably, mixer 300 includes a mixer packed with glass 
beads although other mixers using conventional stirring mechanisms are contemplated within 
the context of the present invention. Reactor 400 can be any reactor capable of reacting the 
respective components, and preferably it contains multiple coils 450 surrounded by a water 

10 jacket 430. 

Product solution 50 then is fed to stripper 500 whereby it is stripped with an inert 
carrier gas 60, such as nitrogen. Stripped product is removed via line 115 and fed to 
stripped product storage unit 800, and product gas 75 is fed to an absorber 600 where it is 
contacted with water 95. Inert gas is vented via vent 85 and aqueous chlorine dioxide is fed 
IS via line 105 to ClOj storage unit 700. 

Encircled area "A" in FIG. 23 can be replaced by a two-stage countercurrent 
contacting cascade, as illustrated in FIG. 24. Here, product solution 50 is fed to a first 
contactor 125 whereby it is contacted countercurrently with an inert carrier gas 60. Stripped 
product 115 is removed at the bottom of contactor 125 and product gas 75 is removed at the 
20 top and fed to the bottom of contactor 135. Preferably, both contactors 125, 135 are 
surrounded by a water jacket 165. Product gas 75 is contacted with water 95 in contactor 
135 whereby inert gas is vented via vent 85 and aqueous chlorine dioxide is removed via line 
105. 

As Example 7 indicates, a repeatable continuous process for the production of a high 
25 concentration of chlorine dioxide within a short period of time is possible without the 
formation of undesirable and hazardous by-products is now within the reach of those skilled 
in the art. 

Other embodiments of the invention will be apparent to those skilled in the art from 
consideration of the specification and practice of the invention disclosed herein. It is 
30 intended that the specification be considered as exemplary only, with the true scope and spirit 
of the invention being indicated by the following claims. 
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Whatla Claimed Is: 



1. A process for producing chlorine dioxide, comprising the steps of; 
A providing an aqueous acid solution comprising 

1 a hydroxy carboxylic acid that is capable of temporarily transferring 
cMorine from an alkali metal salt of chlorite ion, but substantially does 
not form a salt with an alkali metal salt of a chlorite ion, and 

2 a companion acid that substantially does not react with an alkali metal 
salt of a chlorite ion; 

B combining, in a vessel, (i) an alkali metal salt of a chlorite ion, and (ii) said 
aqueous acid solution, to yield an aqueous reaction solution; and 

C maintaining the pH of the aqueous reaction solution at a value of <. 5 during 
the reaction of (i) and (ii), 

wherein chlorite ions are produced in said aqueous reaction solution, and said chlorite 
ions react with said hydroxy carboxylic acid present therein to yield an aqueous product 
solution that comprises chlorine dioxide but is substantially free of chlorous acid. 

2. A process for producing chlorine dioxide as claimed in claim 1, wherein Step 
C is carried out by maintaining the pH of die resulting reaction solution at a value of <>, 4 
by addition of a sufficient amount of companion acid. 



3. A process for producing chlorine dioxide as claimed in claim 2, wherein Step 
20 C is carried out by stepwise addition of companion acid during the reaction. 

4. A process for producing chlorine dioxide as claimed in claim 2, wherein Step 
C is carried out by continuous addition of companion acid during the reaction. 

5. A process for producing chlorine dioxide as claimed in claim 2, wherein Step 
C is carried out by: 

25 1 flowing inert gas through said either or both of said hydroxy 

carboxylic acid and said companion acid, wherein a portion of either 
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or both acids is entrained to yield an acid gas that comprises said inert 
gas and acid; and 

2 flowing said acid gas into the aqueous reaction solution, so that at least 
a portion of the acid in said acid gas is absorbed into the aqueous 
5 reaction solution. 

6. A process for producing chlorine dioxide as claimed in claim 1. wherein the 
weight ratio of water to acid in said aqueous acid solution is from about 1.5 to about 3.5. 

7. A process for producing chlorine dioxide as claimed in claim 1 , wherein the 
weight ratio of water to acid in said aqueous acid solution is about 3. 

10 8. A process for producing chlorine dioxide as claimed in claim 1. wherein the 

temperature of the vessel is maintained at about 40"C. 

9. A process for producing chlorine dioxide as claimed in claim 1, further 
comprising the step of separating at least a portion of the chlorine dioxide*om said aqueous 
product solution. 

15 10. A process for producing chlorine dioxide as claimed in claim 9, wherein the 

separation of at least a portion of chlorine dioxide comprises flowing an inert carrier gas 
through said aqueous product solution, wherein at least a portion of the chlorine dioxide is 
entrained in the inert gas to provide a product gas stream comprising said inert gas and 
chlorine dioxide. 

20 1 1 . A process for producing chlorine dioxide as claimed in claim 10, wherein the 

inert gas is nitrogen gas. 

12. A process for producing chlorine dioxide as claimed in claim 10, wherein 
substantially all of the chlorine dioxide present in said aqueous product solution is entrained 
in said inert carrier gas. 
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13 . A process for producing chlorine dioxide as claimed in claim 10, wherein the 
separation of the chlorine dioxide further comprises passing the product gas through a trap 
comprising aqueous liquid, wherein at least a portion of the chlorine dioxide in said product 
gas stream is absorbed into the aqueous liquid in the trap. 



S 14. A process for producing chlorine dioxide as claimed in claim 13, wherein the 

trap has a volume within the range of from about 10% to about 200% of the total reactor 
volume. 

15. A process for producing chlorine dioxide as claimed in claim 1, wherein said 
hydroxy carboxylic acid is lactic acid. 

10 16. A process for producing chlorine dioxide as claimed in claim 15, wherein said 

companion acid is acetic acid. 



17. A process for producing chlorine dioxide, comprising the steps of: 
A providing an aqueous acid solution comprising 

1 a hydroxy carboxylic acid that is capable of temporarily transferring 
15 chlorine from an alkali metal salt of chlorite ion, but substantially does 

not form a salt with an alkali metal salt of a chlorite ion, and 

2 a companion acid that substantially does not react with an alkali metal 
salt of a chlorite ion; 

B com bi ning, in a vessel, (i) an alkali metal salt of a chlorite ion, and (ii> said 
20 aqueous acid solution, to yield an aqueous reaction solution; 

wherein chlorite ions are produced in said aqueous reaction solution, and said chlorite 
ions react with said hydroxy carboxylic acid present therein to yield an aqueous product 
solution that comprises chlorine dioxide but is substantially free of chlorous acid; and 

C withdrawing at least a portion of the chlorine dioxide from the aqueous product 
25 solution and separating chlorine dioxide present in said product solution from the remaining 
components in said product solution. 
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18. A process for producing chlorine dioxide as claimed in claim 17, wherein a 
sufficient amount of companion acid is provided in Step A to maintain the pH of the aqueous 
acid reaction solution at a value of £ 4. 



19. A process for producing chlorine dioxide as claimed in claim 18, wherein the 
5 companion acid provided ta Step A is effected by the stepwise addition of the companion 

acid. 

20. A process for producing chlorine dioxide as claimed in claim 19, wherein the 
companion acid provided in Step A is effected by continuously adding the companion acid 
after the commencement of the reaction. 



10 21. A process for producing chlorine dioxide as claimed in claim 17, further 

comprising maintaining the pH of the reaction solution of step B at a value of £ 4 by: 

1 flowing inert gas through said either or both of said hydroxy 
carboxylic acid and said companion acid, wherein a portion of either 
or both acids is entrained to yield an acid gas that comprises said inert 

15 gas and acid; and 

2 flowing said acid gas into the aqueous reaction solution, so that at least 
a portion of the acid in said acid gas is absorbed into the aqueous 
reaction solution. 

22. A process for producing chlorine dioxide as claimed in claim 17, wherein the 
20 weight ratio of water to acid in said aqueous acid solution is about 3. 

23. A process for producing chlorine dioxide as claimed in claim 17, wherein the 
temperature of the vessel is maintained at about 40°C. 



24. A process for producing chlorine dioxide as claimed ra claim 17 , wherein Step 
C is carried out by flowing an inert carrier gas through said aqueous product solution so that 
25 at least a portion of the chlorine dioxide is entrained in the inert gas to provide a product gas 
stream comprising said inert gas and chlorine dioxide. 
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25 . A process for producing cbl rine dioxide as claimed in claim 24, wherein the 
inert gas is nitrogen gas. 

26. A process for producing chlorine dioxide as claimed in claim 24, wherein 
substantially all of the chlorine dioxide present in said aqueous product solution is entrained 

5 in said inert carrier gas. 

27. A process for producing chlorine dioxide as claimed in claim 24, further 
comprising passing the product gas through a trap comprising aqueous liquid, wherein at least 
a portion of the chlorine dioxide in said product gas stream is absorbed into the aqueous 
liquid in the trap. 

10 28. A process for producing chlorine dioxide as claimed in claim 27, wherein the 

trap has a volume within the range of from about 10% to about 200% of the total reactor 
volume. 

29. A process for producing chlorine dioxide as claimed in claim 17, wherein said 
hydroxy carboxylic acid is lactic acid. 

15 30. A process for producing chlorine dioxide as claimed in claim 29, wherein said 

companion acid is acetic acid. 



31. A process for producing chlorine dioxide, comprising the steps of: 
A providing an aqueous acid solution comprising 



20 



1 a hydroxy carboxylic acid that is capable of temporarily transferring 
chlorine from an alkali metal salt of chlorite ion, but substantially does 
not form a salt with an alkali metal salt of a chlorite ion, and 



2 a companion acid that substantially does not react with an alkali metal 
salt of a chlorite ion; 



25 



B combining, in a vessel, (i) an alkali metal salt of a chlorite ion, and (ii) said 
aqueous acid solution to yield an aqueous reaction solution; 
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C maintaining pH of the aqueous teaction solution at a value of <. 4 during the 

reaction of (i) and (ii) by. 

1 flowing inert gas through said aqueous acid solution comprising said 
hydroxy carboxylic acid and said companion acid, wherein a portion 

5 of either or both acids is entrained to yield an acid gas that comprises 

said inert gas and acid, and 

2 flowing said acid gas into the aqueous reaction solution, so that at least 
a portion of the acid in said acid gas is absorbed into the aqueous 
reaction solution; 

10 d maintaining the temperature of the vessel contents within the range of from 

about 20 °C to about 60 °C t 

wherein chlorite ions are produced in said aqueous reaction solution, and said chlorite 

ions react with said hydroxy carboxylic acid present therein to yield an aqueous product 

solution that comprises chlorine dioxide but is substantially free of chlorous acid, and 
15 E flowing an inert gas through at least a portion of said product solution which 

has been removed from said vessel, wherein at least a portion of the chlorine dioxide in said 

product solution is entrained m said inert gas to yield a product gas comprising inert gas and 

chlorine dioxide; and 

F flowing the product gas into a trap comprising an aqueous liquid to separate 
20 at least a portion of the chlorine dioxide from the inert gas. thereby yielding an aqueous 

chlorine dioxide solution. 

32. A process for the continuous production of chlorine dioxide, comprising the 
steps of: 

A providing an aqueous acid solution comprising 
2 5 la hydroxy carboxylic acid that is capable of temporarily transferring 

chlorine from an alkali metal salt of chlorite ion, but substantially does 
not form a salt with an alkali metal salt of a chlorite ion, and 
2 a companion acid that substantially does not react with an alkali metal 
salt of a chlorite ion; 

30 b combining, in a vessel, (i) an alkali metal salt of a chlorite ion, and (ii) said 

aqueous acid solution to yield an aqueous reaction solution; 
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C maintaining pH of the aqueous reaction solution at a value of <. 4 during the 
reaction of (i) and (ii); 

D maintaining the temperature of the vessel contents at from about 30° C to 
about 45 (degree sign), 

5 wherein chlorite ions are produced in said aqueous reaction solution, and said chlorite 

ions react with said hydroxy 'carboxylic acid present merein to yield an aqueous product 
solution that comprises chlorine dioxide but is substantially free of chlorous acid; 

E transferring at least a portion of the product solution into a chlorine dioxide 
stripper in which inert gas is passed into intimate contact with acid product solution, thereby 
10 yielding a product gas comprising said inert gas and entrained chlorine dioxide, wherein said 
product gas also may contain unreacted hydroxy carboxylic acid and/or companion acid; 

F optionally flowing the product gas into a condenser to condense any unreacted 
hydroxy carboxylic acid and/or companion acid present therein; 

G flowing the product, gas, optionally received from the condenser, into a 
15 chlorine dioxide absorber, wherein the product gas is contacted with an aqueous liquid to 
yield an aqueous chlorine dioxide solution and a scrubbed inert gas. 

33. A process for treating contaminated water, comprising the steps of: 
A providing an aqueous acid solution comprising: 

1 a hydroxy carboxylic acid chat is capable of temporarily transferring 
20 chlorine from an alkali metal salt of chlorite ion, but substantially does 

not form a salt with an alkali metal salt of a chlorite ion; and 

2 a companion acid that substantially does not react with an alkali metal 
salt of a chlorite ion; 

B combining, in a vessel, (i) an alkali metal salt of a chlorite ion, and (ii) said 
25 aqueous acid solution, to yield an aqueous reaction solution; 

C maintaining pH of the aqueous reaction solution at a value of <. 5 during the 
reaction of (i) and (ii), 

wherein chlorite ions are produced in said aqueous reaction solution, and said chlorite 
ions react with said hydroxy carboxylic acid present therein to yield an aqueous product 
30 solution that comprises chlorine dioxide but is substantially free of chlorous acid; 
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D contaciing said product solution with a quantity of water having contaminants 
therein in a contact vessel for a period of time sufficient to remove or reduce the level of 
said contaminants from said water. 

34. The method as claimed in claim 33, wherein said contact vessel is operated 
5 at atmospheric pressure. 

35 . The method as claimed in claim 33 , wherein said period of time sufficient to 
remove or reduce the level of said coiiianiinants from said water is greater than 10 minutes. 

36. An apparatus for making chlorine dioxide comprising: 

A an acid storage tank comprising inlet means for accepting at least one acid and 
10 an outlet means for withdrawing an aqueous acid solution from said acid storage tank; 

B a chlorite ion storage tank comprising inlet means for accepting an alkali metal 
salt of a chlorite ion and an outlet means for withdrawing said alkali metal salt of a chlorite 
ion from said chlorite ion storage tank; 

C mixing means for mixing said alkali metal salt of a chlorite ion and said 
15 aqueous acid solution to provide an aqueous reaction solution, said mixing means being in 
fluid communication wifli said outlet means of said chlorite ion storage tank and said outlet 
means of said acid storage tank; 

D reacting means in fluid communication with said mixing means for reacting 
said aqueous reaction solution to provide a product solution, said reacting means comprising 
20 an outlet means for withdrawing said product solution; 

E stripping means for stripping chlorine dioxide present in said product solution 
from said product solution and into a gas to provide a product gas and a stripped product 
solution, said stripping means being in fluid communication with said outlet means of said 
reacting means; and 

25 F absorbing means for absorbing chlorine dioxide present in said product gas to 

provide an aqueous chlorine dioxide solution. 

37. The apparatus as claimed in claim 36, wherein said mixing means comprises a 
tee intersection followed by a tube packed with glass beads. 
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38. The apparatus as claimed in claim 36, wherein said reacting vessel comprises a 
tubular reactor. 

39. The apparatus as claimed in claim 38, wherein said tubular reactor is surrounded 
by a water jacket. 

5 40. An apparatus for disinfecting water containing contaminants comprising: 

A an acid storage tank comprising inlet means for accepting at least one acid and 
an outlet means for withdrawing an aqueous acid solution from said acid storage tank; 

B a chlorite ion storage tank comprising inlet means for accepting an alkali metal 
salt of a chlorite ion and an outlet means for withdrawing said alkali metal salt of a chlorite 
10 ton from said chlorite ion storage tank; 

C mixing means for mixing said alkali metal salt of a chlorite ion and said 
aqueous acid solution to provide an aqueous reaction solution, said mixing means being in 
fluid communication with said outlet means of said chlorite ion storage tank and said oudet 
means of said acid storage tank; 
IS D reacting means in fluid communication with said mixing 'means for reacting 

said aqueous reaction solution to provide a product solution, said reacting means comprising 
an outlet means for withdrawing said product solution; 

£ stripping means for stripping chlorine dioxide present in said product solution 
from said product solution and into a gas to provide a product gas and a stripped product 
20 solution, said stripping means being in fluid communication with said outlet means of said 
reacting means; 

F absorbing means for absorbing chlorine dioxide present in said product gas to 
provide an aqueous chlorine dioxide solution; 

G mixing means for mixing said aqueous chlorine dioxide solution from said 
25 absorbing means and water containing contaminants; and 

H a contact vessel in fluid communication with said mixing means designed to 
provide sufficient contact between said aqueous chlorine dioxide solution and said water 
containing contaminants to effective remove and/or reduce the contaminants in said water. 
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